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SECTION I 

INTRODUCTION AND SUMMARY 

The purpose o f   t h i s   r e p o r t   i s   t o   p r e s e n t   t h e   r e s u l t s   o f   a l l   a n a l y t i c a l  
and tes t   work   conducted   dur ing  a program  for   the  development   o f  a recupera to r  
to be u t i l . i z e d   i n  a c losed  Brayton  cycle  space  power  system  that   uses  solar 
energy  as a heat   source  and  argon  as  the  work ing  f lu id .   Th is   repor t   conc ludes 
the  program  per formed  by  the  A iResearch  Manufactur ing  Div is ion  o f  The G a r r e t t  
Corporation, Los Angeles,   Cal i forn ia ,   under   Nat ional   Aeronaut ics   and Space 
A d m i n i s t r a t i o n   C o n t r a c t  NAS3-2793. The i n i t i a l  phase o f   t h e   w o r k  was a para- 
met r ic   des ign   s tudy   to   de termine   the   op t imum  recupera tor   Opera t ing   cond i t ions  
for the   Bray ton   cyc le .  The study was fo l l owed   by   ana lys i s   and   t es t i ng   t ha t  
was d i rec ted   t owards   de te rm in ing   t he   f i na l   des ign   con f igu ra t i on .  The f i n a l  
phase o f   t h i s   p r o g r a m   i n c l u d e d   f a b r i c a t i o n   a n d   t e s t i n g   o f  a recupera to r   t ha t  
was d e l i v e r e d   t o   t h e  NASA Lewis  Research  Center. The en t i re   p rog ram i s  sum- 
m a r i z e d   a t   t h e   b a c k   o f   t h e   r e p o r t .  

PARAMETRIC DESIGN STUDY 

The paramet r ic   des ign   s tudy  was c o n d u c t e d   t o   p r o v i d e   s u f f i c i e n t   d a t a   t o  
permi t   op t imum  recupera tor   opera t ing   cond i t ions   to  be se lec ted   f o r   t he   B ray ton  
cycle.  The study  covered a recuperator   e f fect iveness  range  f rom 0 .75  t o  0 . 9 5  
and  a  range o f  (AP/P)ToTAL o f   f r o m  1/2 t o  8 percen t   f o r   bo th   ho t   and   co ld  

f lows. The a n a l y s i s  employed  the  spec i f ied  Brayton  cyc le   boundary  condi t ions 
and  gas f l ows  shown below. 

C o l d   I n l e t  Hot I n l e t  

Temperature, O R  80 I I 560 

Pressure,   psia 13.8  6.73 

Argon  f low  ra te ,   lb   per   m in  36.69  36.69 

I n   a d d i t i o n   t o   s e l e c t i n g   t h e  opt imum  recuperator   pressure  drop  and  e f fec-  
t i veness ,   t he   pa ramet r i c   s tudy   a l so   se lec ted   t he   t ype   o f   hea t   exchanger   t o   be  
used. Dur ing  the  study,  four  types  of   heat  exchangers  were  examined;  p late-f in 
mu1 t ipass   c ross-counter f  low, p l a t e - f   i n   p u r e   c o u n t e r f  low, t u b u l a r  mu1 t i p a s s  
cross-counter f low  and  tubular   pure  counter f low.   For   each  type,   an  A iResearch 
d i g i t a l  computer  program was used t o   o b t a i n  a se r ies   o f   des igns   ove r  a wide 
range o f  problem  condi t ions.  From th is   ser ies   o f   heat   exchanger   des igns ,  
curves  were  prepared  to  show the  change in  heat  exchanger  weight  and  dimensions 
f o r   v a r y i n g   e f f e c t i v e n e s s  and  pressure  drops. The c u r v e s   i n c l u d e d   r e s u l t s   f o r  
the  heat  exchanger  cores  only  and  also  for   the  manifolded  and  packaged  cores.  
Va r ious   packag ing   con f igu ra t i ons   wh ich   cou ld   be   used   f o r   t he   d i f f e ren t   t ypes   o f  
core  were  considered. The r e s u l t s   o f   t h i s   p a r a m e t r i c   s t u d y  were  presented  to 
NASA i n  an  A iResearch  repor t  (L-9372)  and  from  the  curves, NASA se lec ted   the  
f i n a l   r e c u p e r a t o r   c o n f i g u r a t i o n  and s p e c i f i e d  a n   e f f e c t i v e n e s s   o f  0 . 9  and a 

f i n  type. The numerous paramet r ic   curves   genera ted   dur ing   the   s tudy   a re   d is -  
cussed i n   S e c t i o n  2 .  The s e l e c t i o n  o f  t h e   f i n a l   o p e r a t i n g   c o n d i t i o n   a n d   h e a t  
exchanger type i s  p r e s e n t e d   i n   S e c t i o n  3.  

(*'/')TOTAL o f  2 percent.  The s e l e c t e d   c o n f i g u r a t i o n  i s  pu re   coun te r f l ow   p la te -  

1 

k 



Also, d u r i n g   t h e   p a r a m e t r i c   s t u d y ,   t h r e e   s p e c i f i c   a r e a s   o f   i n v e s t i g a t i o n  
w e r e   c o n d u c t e d ;   a x i a l   c o n d u c t i o n   ( l o n g i t u d i n a l   h e a t   f l o w )   i n   p u r e   c o u n t e r f l o w  
hea t   exchangers ,   t he   de te rm ina t ion   o f   bas i c   t es t   da ta  fo r  gas f low o u t s i d e  
a n d   p a r a l l e l  to ,   tube  bundles  and  the  preparat ion o f  a computer  program  to 
des ign  counter f low  tubular   heat   exchangers.  Each o f  t h e s e   t h r e e   s p e c i f i c   a r e a s  
o f  s tudy  is   presented  as  Appendix  A, B and C, r e s p e c t i v e l y ,   o f   t h i s   r e p o r t .  

FINAL DESIGN INVESTIGATIONS 

With t h e   s e l e c t i o n   o f   t h e   p u r e   c o u n t e r f l o w   p l a t e - f i n   c o n f i g u r a t i o n   f o r  
t he   f i na l   recupera to r   des ign ,   seve ra l   spec i f i c   p rob lem  a reas   requ i red   i nves -  
t i g a t i o n .   I n  a p u r e   c o u n t e r f l o w   c o n f i g u r a t i o n ,   b o t h   f l u i d s   e n t e r   a n d   l e a v e  
the  heat  exchanger  f rom  the same f a c e   a n d   i n   p l a t e - f i n   d e s i g n s   t h i s   r e q u i r e s  
the   use   o f   t r i angu la r -shaped  end sec t ions .  These  end s e c t i o n s   c o n t r i b u t e  
1 i t t l e   t o   t h e   h e a t   t r a n s f e r   p e r f o r m a n c e   o f   t h e   r e c u p e r a t o r   b u t   p r o d u c e   p a r a -  
s i t i c   p r e s s u r e   l o s s e s .   I n   o r d e r   t o   o p t i m i z e   t h e  end  sect ion  design, a l a r g e  
number o f   g e o m e t r i e s   w e r e   i n v e s t i g a t e d .   A i R e s e a r c h ,   t o   f a c i l i t a t e   t h i s   t a s k ,  
wro te  a computer  program to   de te rm ine   t he   p ressu re   l osses   i n   t hese   t r i angu la r  
end  sect ions.  The assemptions used, and  the  method o f   c a l c u l a t i o n  employed 
b y   t h i s  program, t o g e t h e r   w i t h  some t y p i c a l   r e s u l t s ,   a r e  shown i n  Appendix D 
o f   t h i s   r e p o r t .  The r e s u l t s   o b t a i n e d   f r o m   t h i s   p r o g r a m   a n d   t h e   o v e r a l l   i n -  
f l u e n c e   o f   t h e   t r i a n g u l a r  end s e c t i o n s   o r   t h e   r e c u p e r a t o r   a r e   d i s c u s s e d   i n  
Sec t ion  4. 

Dur ing   t he   pa ramet r i c   s tudy   phase   o f   t h i s  program, a n a l y t i c a l   t e c h n i q u e s  
f o r   d e t e r m i n i n g   t h e   e f f e c t   o f   a x i a l   c o n d u c t i o n   i n   p u r e   c o u n t e r f l o w   h e a t   e x -  
c h a n g e r s   i n d i c a t e d   t h a t   o n e   o f   t h e   m a j o r   a r e a s   o f   d i f f i c u l t y   i s   t h e   d e t e r m i n a -  
t i o n   o f   t h e   e f f e c t i v e   c o n d u c t i o n   p a t h   t h r o u g h  a p la te - f i n   ma t r i x .   A iResearch ,  
therefore,   conducted a s e r i e s   o f   t e s t s   t o   d e t e r m i n e   a n   e f f e c t i v e   c o n d u c t i o n  
parameter  (KA/L) f o r   t h e   t y p e   o f   m a t r i x   b e i n g   c o n s i d e r e d   f o r   t h i s   a p p l i c a t i o n .  
The r e s u l t s   o f   t h i s   a x i a l   c o n d u c t i o n   t e s t i n g   a r e   p r e s e n t e d   i n   S e c t i o n  5. 

Another   problem  area  that  was i n v e s t i g a t e d   t h o r o u g h l y   d u r i n g   t h e   f i n a l  
design  phase o f   t h i s   c o n t r a c t  i s  f l o w   d i s t r i b u t i o n .   D u r i n g   t h e   i n i t i a l   s t a g e s  
o f   the   paramet r ic   des ign   s tudy ,  i t  was b e l i e v e d   t h a t   f l o w   d i s t r i b u t i o n   w o u l d  
no t   p rov ide   any   se r ious   p rob lem  i n   t he   pu re   coun te r f l ow   p la te - f i n   t ype   o f   hea t  
exchanger. However, resu l ts   ob ta ined  f rom  o ther   des ign   and  deve lopment   p ro-  
grams be ing   conducted   by   A iResearch   ind ica ted   tha t   losses   in   heat   t rans fer  
per formance  and  increases  in   overa l l   pressure  drop  could be encountered due t o  
nonun i fo rm  f l ow   d i s t r i bu t i on   t h rough   the   hea t   exchanger .  When t h e   n o n u n i f o r m i t i e s  
a n d   f l o w   d i s t r i b u t i o n   a r e  known, the i r   e f fec t   on   hea t   exchanger   pe r fo rmance  
and  pressure  drop may be r e a d i l y   c a l c u l a t e d .  However, t h e   d e t e r m i n a t i o n   o f   t h e  
nonun i fo rm i t i es   resu l t i ng   f rom  any   spec i f i c   geomet ry   a re   l ess   eas i l y   de te rm ined  
and  AiResearch,  therefore,  conducted a smal l   tes t   p rogram to  prov ide  the  neces-  
sa ry   i n fo rma t ion   exper imen ta l l y .  The r e s u l t s   o f   t h i s   p r o g r a m   l e d   t o   t h e   f i n a l l y -  
s e l e c t e d   h e a t   e x c h a n g e r   c o n f i g u r a t i o n .   R e s u l t s   o f   b o t h   a n a l y t i c a l   a n d   t e s t  
p rocedures   t ha t   were   used   du r ing   t h i s   phase   o f   t he   con t rac t   t o   de te rm ine   t he  
e f f e c t   o f   f l o w   d i s t r i b u t i o n   o n   t h e   m a n i f o I d s   a n d   t h e   c o r e  o f  the   se lec ted  u n i t  
a re   p resen ted   i n   Sec t i on  6. 

The t e s t   c o n f i g u r a t i o n   r e s u l t e d   i n   s a t i s f a c t o r y   h e a t   t r a n s f e r   p e r f o r m a n c e  
bu t   i nd i ca ted   h ighe r   t han   an t i c ipa ted   p ressu re   l osses .   Va r ious   me thods   o f  
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dec reas ing   ove ra l l   p ressu re   l osses  to the   requ i red  AP/P of  2 percent  were 
evaluated. The r e s u l t s   o f   t h i s   e v a l u a t i o n   a r e   p r e s e n t e d   a n d   d i s c u s s e d   i n  
Sec t ion  8. 

Sec t ion  7 of  t h i s   r e p o r t   p r e s e n t s  some d e t a i l s  of the  mechanica l   des ign 
a n d   f a b r i c a t i o n  methods. I n   t h i s   s e c t i o n ,   t h e   m a n u f a c t u r i n g   l i m i t a t i o n s   o f  
the   p resent   des ign   a re   d iscussed,   together  w i th  t h e   s t r e s s   a n a l y s i s   t h a t   v e r i -  
f i e d   t h e   s t r u c t u r a l   i n t e g r i t y  o f  the   se lec ted   recupera to r   con f i gu ra t i on .   Fu r -  
t h e r   s t r e s s   c a l c u l a t i o n s   w i t h   r e s p e c t  to sys tem  i n teg ra t i on   and  component 
moun t ing   a re   p resen ted  i n  Appendix E. 

The f i n a l   t a s k   o f   t h e   p r o g r a m  was  a 1 im i ted   per fo rmance  tes t  o f  t h e   f i n a l  
f u l l   s c a l e   r e c u p e r a t o r   c o n f i g u r a t i o n .  The r e s u l t s   o f   t h i s   t e s t   a r e   r e p o r t e d  
and  discussed i n   d e t a i l   i n   S e c t i o n  9 of  t h i s   r e p o r t .  The h e a t   t r a n s f e r   d a t a  
ob ta ined  from t h i s   t e s t   i n d i c a t e s   t h a t   t h e   d e s i g n   e f f e c t i v e n e s s  was achieved. 
The l i m i t e d   p r e s s u r e  loss i n f o r m a t i o n   f r o m   t h i s   t e s t  was inconclus ive  and 
there fore   the   more   ex tens ive   tes t ing   per fo rmed  on   the  small s c a l e   t e s t   c o r e   a s  
discussed i n  Sec t ion  6 i s   c o n s i d e r e d  to be   the   more   va l id   bas is  for e v a l u a t i n g  
p r e s s u r e   l o s s e s   o n   t h e   f u l l   s c a l e   u n i t .  

A t  var ious  stages  throughout  the  two-year  study  per iod,   AiResearch  con- 
ducted some a d d i t i o n a l   t a s k s   w h i c h   d i d   n o t   d i r e c t l y   e f f e c t   t h e   f i n a l   r e c u p e r a -  
t o r   c o n f i g u r a t i o n .  These tasks   i nc luded   the   de te rm ina t ion   o f   me teo ro id   p ro -  
t ec t i on   requ i remen ts   f o r   t he   recupera to r ,   t he   de te rm ina t ion  o f  s p e c i f i c  
recupera tor   des igns   to  f i t  a r o u n d   t h e   a n t i c i p a t e d   s o l a r   a b s o r b e r ,   a n   i n v e s t i -  
g a t i o n   o f  a change i n   w o r k i n g   f l u i d s   a n d  a p r e l i m i n a r y   a n a l y s i s   o f  a gas-to- 
l i q u i d   h e a t   s i n k   h e a t   e x c h a n g e r .   F u r t h e r   i n f o r m a t i o n   o n   t h e s e   a d d i t i o n a l   t a s k s  
i s  p resen ted   i n   Append ix  F. 
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SECTION 2 

HEAT  TRANSFER  MATRIX  PARAMETRIC ANALYSIS 

The o b j e c t   o f   t h e   p a r a m e t r i c   a n a l y s i s  was to   de te rm ine   t he   op t imum  hea t  
exchanger   des ign   fo r   the   so la r   Bray ton   Cyc le   recupera tor   p rob lem  cond i t ions  
spec i f  ied  by NASA. The opera t   i ng   cond i t i ons   and   range   o f   va r iab les   t o   be   ex -  
amined a r e  shown i n   t h e   i n t r o d u c t i o n   s e c t i o n  o f  t h i s   r e p o r t .   I n   o r d e r  to  de te r -  
m ine   t he   op t imum  hea t   exchanger   des ign   f o r   t h i s   en t i re   range   o f   ope ra t i ng  
cond i t ions ,   A iResearch   cons idered  four   t ypes  o f  f i x e d  boundary  heat  exchangers. 
The four   types  o f   heat   exchangers  cons idered  were:  ( I  ) c ross   coun te r - f l ow  
tubu la r ,  ( 2 )  pu re   coun te r - f l ow   tubu la r ,  ( 3 )  c r o s s   c o u n t e r - f l o w   p l a t e  and f i n ,  
(4) p u r e   c o u n t e r - f l o w   p l a t e  and f i n .  As t he re  i s  no  s ingle,   unique  heat 
exchanger  which i s  optimum f o r   s a t i s f y i n g   a l l   t h e   s p e c i f i e d   o p e r a t i n g  con- 
d i t i o n s   f o r   t h e   r e c u p e r a t o r ,  i t  was necessary  to  examine  each o f   t h e   f o u r ,  
ma t r i xes   be ing   cons ide red  i n  d e t a i l   o v e r   a t   l e a s t  a p a r t .   o f   t h e   s p e c i f i e d  
range. A v e r y   l a r g e  number o f   mat r i x   geomet r ies   were   ana lyzed  fo r   each o f  
the  four   types  o f   heat   exchangers.  The d e s i g n   a n d   a n a l y s i s   o f  ehch t y p e   o f  
heat  exchanger  were  conducted  by  ut  i 1 i z   i n g  I B M  d i g i t a l  computer  programs 
w r i t t e n   b y   A i R e s e a r c h   s p e c i f i c a l l y   t o   d e s i g n   h e a t   e x c h a n g e r s .  

MULTIPASS CROSS COUNTERFLOW  TUBULAR  HEAT EXCHANGERS 

I 
I n   o r d e r   t o   d e s i g n   c r o s s   c o u n t e r f l o w   t u b u l a r   h e a t   e x c h a n g e r s   f o r   t h e   f u l  1 

range o f   s p e c i f i e d   c y c l e   c o n d i t i o n s ,  a l a r g e  number o f   h e a t   t r a n s f e r   m a t r i x e s  
were   cons idered.   Mat r i x   var iab les   tha t   were   cons idered,   inc luded  d i f fe ren t  
tube  d iameters ,   d i f fe ren t   tube  spac ings   and  bo th   p la in   and  r ing   d imp led   tubes .  
The use o f   r i n g   d i m p l e d   t u b e s   i n c r e a s e s   t h e   h e a t   t r a n s f e r   o n   t h e   i n s i d e   s u r f a c e  
o f   t h e  tubes, b u t   a l s o   y i e l d s   a n   i n c r e a s e , i n   f r i c t i o n   f a c t o r .   I n  some heat  
exchanger  designs,  however, t h i s   t y p e   o f   t u r b u l e n c e   p r o m t i o n  can  be  benef i -  
c ia l .   Th roughou t   t he   ana lys i s ,   a l l   hea t   exchangers   were  assumed t o  be f a b r i -  
ca ted   f rom  s ta in less   s tee l   and   t he   t ube   wa l l   t h i ckness  was h e l d   c o n s t a n t   a t  
0.004 inches. 

The i n i t i a l   s u r v e y   c o n s i s t e d   o f   t a k i n g   t h e   s p e c i f i e d   p r o b l e m   c o n d i t i o n s  
and c . '  ta in ing   heat   exchanger   cores   f rom  the  I B M  computer  program.  During  this 
i n i t i a l  s u r v e y ,   t h e   t o t a l   a v a i l a b l e   p r e s s u r e   d r o p  was assumed t o   o c c u r   i n   t h e  
heat  exchanger  core  only. The resul ts   obta ined  f rom  these  computer   runs  are 
shown i n   F i g u r e s  I ,  2 and 3. F igu re  I shows  how the  weight  and  core  d imensions 
o f   t h i s   t y p e   o f   h e a t   e x c h a n g e r   v a r y   w i t h   e f f e c t i v e n e s s .   C u r v e s   a r e  shown f o r  
t h r e e   d i f f e r e n t   p r e s s u r e   d r o p   l e v e l s .  The p r e s s u r e   d r o p   v a l u e s   u t i l i z e d   i n  
F igu re  I were (AP!? o f  I percent,  4 percent   and 8 percent.  A t  each d i f -  

f e r e n t   e f f e c t i v e n e s s ,  a d i f f e r e n t  number o f  passes was u t i l i z e d .  The  number 
o f  p a s s e s   a s s o c i a t e d   w i t h   e a c h   p a r t i c u l a r   e f f e c t i v e n e s s  i s  shown on  the  curve.  
A s  t he   e f fec t i veness   i s   i nc reased ,   t he  number o f  passes  increases  because  the 
d e t r i m e n t a l   e f f e c t   o f   n o   i n t e r p a s s   m i x i n g  becomes more  substant ia l .  A t  the  
ve ry   h igh   e f fec t i veness   (g rea te r   t han  0 . 9 )  even  the  use  o f   as many passes  as 12 
does n o t   a p p r o a c h   t h e   i d e a l i z e d   c o n d i t i o n   o f   p u r e   c o u n t e r f l o w .   F i g u r e s  2 and 3 
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Figure  1 .  Tubular Mu1 t ipass  Cross  Counterflow  Core 
Parameters  Versus  Effectiveness 
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Figure 2. Tubular   Mult ipass Cross Counterflow  Core 
Parameters  Versus  Percent  Pressure  Drop 
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F i g u r e  3. T u b u l a r   M u l t i p a s s   C r o s s   C o u n t e r f l o w  Core 
P a r a m e t e r s   V e r s u s   P e r c e n t   P r e s s u r e   D r o p  
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show the   e f fec t   on   we igh t   and  core   d imens ions  o f  va ry ing   p ressu re   d rops  for 
heat   exchanger   e f fect ivenesses o f  0.75  and 0.90 r e s p e c t i v e l y .  On bo th   these 
f i gu res ,   cu rves   a re  shown for  minimum w e i g h t   s o l u t i o n s   a n d   b e s t   s i z e   s o l u t i o n s .  
Minimum we igh t   so lu t i ons   d i s rega rd   co re   d imens ions   wh i l e   bes t   s i ze   so lu t i ons  
take   in to   account   d imens iona l   convent iona l i t y   such  as  a rectangular   tube  bundle.  
I n   a l m o s t   a l l  c a s e s   t h e   b e s t   s i z e   s o l u t i o n   r e s u l t e d   i n  a s u b s t a n t i a l l y   h e a v i e r  
core   than  the  minimum w e i g h t   s o l u t i o n .   T h i s   i s   p a r t i c u l a r l y   t r u e   a t   h i g h   e f f e c -  
t iveness  and  low  pressure  drop. A t  t h i s  end o f  the  range o f  o p e r a t i n g   c o n d i -  
t i o n s ,   e v e n   t h e   b e s t   s i z e   s o l u t i o n s   r e s u l t   i n   v e r y   l o n g  no f l ow   l eng ths .  

The c u r v e s   u t i l i z e d   i n   t h e   s t u d y ,   F i g u r e s  I ,  2 and 3, t h a t  show the  
e f f e c t   o f   e i t h e r   e f f e c t i v e n e s s  o r  pressure  drop  on  heat   exchanger   core  weight  
and  dimensions,  connect  the  computer  design  cases wi th  s t r a i g h t   l i n e s .   T h i s  
p a r t i c u l a r  method o f   p r e s e n t i n g   t h e   d a t a  was used  because in te rpo la t i on   be tween  
t h e   a c t u a l   d a t a   p o i n t s  i s  n o t   s t r i c t l y   p e r m i s s i b l e .   T h i s  i s  p a r t i c u l a r l y   t r u e  
o f   the   parameter ,   tube  leng th .  I f  t h e   c u r v e s   w e r e   p r e p a r e d   u t i l i z i n g   t h e  same 
matr ix  geometry  throughout,   then  both  core  geometry  and  core  weight  would  g ive 
smooth cu rves   f o r   va ry ing   e f fec t i veness   and   p ressu re   d rop .  However, the  same 
mat r i x   geomet ry   does   no t   a lways   y ie ld   e i t he r  minimum weigh t  or  b e s t   s i z e  s o l -  
u t ions  and  smooth  curves  are  not   obta ined.  I f  i t  i s  d e s i r a b l e  to  s e l e c t  a 
c o r e   o p e r a t i n g   a t  some in te rmed ia te   cond i t ion ,   the   curves  shown i n   F i g u r e s  I, 
2 and 3 g i v e  a very  good ind ica t ion   o f   the   expec ted   d imens ions   and  we igh t ,   bu t  
cannot be u t i l i z e d   t o   d e t e r m i n e   e x a c t   d i m e n s i o n s   a n d   w e i g h t .  

The  second  phase o f   t h e   s t u d y   o f   t h i s   p a r t i c u l a r   t y p e   o f   h e a t   t r a n s f e r  
ma t r i x   cons i s ted   o f   examin ing   t he   va r ious   poss ib le   packag ing   me thods   and   re -  
eva lua t i ng   p ressu re   l osses   i n   t he   hea t   exchangers   t o   accoun t   f o r   t he   necessa ry  
m a n i f o l d i n g .   F o r   t h i s   p a r t i c u l a r   t y p e   o f   h e a t   e x c h a n g e r  a l a r g e  number o f  
p a c k a g i n g   c o n c e p t s   a r e   a v a i l a b l e ,   a l l   o f  them y i e l d i n g   d i f f e r e n t   e f f e c t s   o n  
hea t   exchanger   we igh t   and   pe r fo rmance .   Ea r l y   i nves t i ga t i ons   i n to   t he   e f fec t  o f  
man i fo ld   p ressu re  loss i n d i c a t e d   t h a t  w i t h  a l m o s t   a l l   o f   t h e   p r o m i s i n g   c o n f i -  
gu ra t i ons  a p r e s s u r e   d r o p   s p l i t   o f   a p p r o x i m a t e l y  85 pe rcen t   i n   t he   hea t   ex -  
changer  core  and 15 p e r c e n t   i n   t h e   m a n i f o l d s   r e s u l t e d   i n   t h e   m o s t   s a t i s f a c t o r y  
s o l u t i o n .  A s  t h i s   r e d u c t i o n   o f  15 p e r c e n t   i n   t h e   p r e s s u r e   d r o p   f o r   t h e   h e a t  
exchanger  cores  causes  only a s l i g h t  change i n  dimensions  and  weight o f   t h e  
cores,  no new designs  were made bu t   t he   p ressu re   d rop   i n   t he   ex i s t i ng   des igns  
increased. The designs shown i n   t h e   f o l l o w i n g   f i g u r e s   i n c l u d e   m a n i f o l d s   t h a t  
r e q u i r e  15 p e r c e n t   o f   t h e   c o r e   d r o p ;   t h e   o v e r a l l   p r e s s u r e   d r o p   i n   t h e s e   d e s i g n s  
has, there fore ,  been increased  by 15 percent   on   bo th   s ides .  

A t  the   low  e f fec t i veness   and  reasonab ly   h igh   p ressure   d rop   cond i t ions ,   a l l  
h e a t   e x c h a n g e r s ,   d e r i v e d   u t i l i z i n g   t h i s   t y p e   o f   c o r e   m a t r i x  had  dimensions  c lose 
t o   t h o s e   o f   t y p i c a l   l i q u i d   t o   l i q u i d   t u b u l a r   h e a t   e x c h a n g e r s .  A s  the  computer 
program  generates a r e c t a n g l ’ j r   b u n d l e   o f  tubes,   the  s implest   poss ib le   packaging 
i s   t o   p u t  t h i s  b u n d l e   o f   t u b e s   i n t o  a rec tangu la r  box. F i g u r e  4 i l l u s t r a t e s  how  a 
h e a t   e x c h a n g e r   w i t h   a n   e f f e c t i v e n e s s   o f  0.75 and a t o t a l   c o r e   p r e s s u r e   d r o p  (AP/P)  
o f  4 percent   cou ld  be packaged i n   t h i s  manner. A d i s a d v a n t a g e   o f   t h i s   t y p e  o f  
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E F F E C T I V E N E S S  = 0.75 
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F igu re  4 .  S i m p l e  Packaging of Tubular  Cross  Counterflow  Heat  Exchanger 
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packag ing   a re   t he   l a rge ,   f l a t ,   unsuppor ted   f aces   t ha t   appear   on   t he   t op   and  
bottom o f  the  heat   exchanger .   These  faces  should  e i ther   be  bu i l t   f rom  honey-  
combed s t r u c t u r e   o r  h a v e   s u p p o r t s   o r   s t i f f e n e r s   p r o v i d e d   i n   o r d e r   t o   c o n t a i n  
t h e   l o w   o p e r a t i n g   p r e s s u r e s   o f   t h e   B r a y t o n   C y c l e  System.  The p r e f e r r e d   c o n f i -  
g u r a t i o n  for  t h i s   s i m p l e   t y p e   o f   r e c t a n g u l a r   t u b e   b u n d l e   i s  shown i n   F i g u r e  5. 
T h i s   c o n f i g u r a t i o n   i s   i d e n t i c a l   t o   t h a t   o f  a t y p i c a l  1 i q u i d   t o   l i q u i d   h e a t   e x -  
changer. The l o w   p r e s s u r e   f l u i d   f l o w s   t h r o u g h   t h e   t u b e s   a n d   t h e   h i g h   p r e s s u r e  
f l u i d  makes two passes  across  the  tube  bundle.  The des ign  shown i n   F i g u r e  5 
i s  a l s o   f o r   a n   e f f e c t i v e n e s s   o f  0.75 and a t o t a l   p r e s s u r e   d r o p   o f  4 percent .  
The c o r e   s e l e c t e d   i n   t h i s   c a s e   i s   o f   s l i g h t l y   d i f f e r e n t   g e o m e t r y   f r o m   t h a t  
used i n   F i g u r e  4 ,  to   con form more r e a d i l y   t o   t h i s   t y p e   o f   p a c k a g i n g .  It can  be 
seen f rom  the  weights  shown on   t he   two   f i gu res   t ha t   no t   on l y   does   F igu re  5 re -  
p resen t  a be t te r   p ressure   vesse l ,   bu t  i t  a l s o   y i e l d s  a l i g h t e r   w e i g h t   s o l u t i o n .  
A s  ef fec t i veness   inc reases  so  does heat   exchanger   s ize.   F igure 6 i l l u s t r a t e s  
how  a heat   exchanger   w i th   an   e f fec t i veness   o f   0 .8   wou ld   appear  i f  packaged i n  
the   s imp les t   poss ib le  manner. F igu re  7 i l l u s t r a t e s  how  a package o f   t h i s   t y p e  
may be  changed to   min imize  the  one  long  d imension.  I n   t h i s  case  the   tubes   a re  
m e r e l y   p u t   i n t o  two bund les   s ide   by   s ide   ra ther   than end t o  end, however,  as 
can  be  seen f rom  the  weights   on  these two f i g u r e s ,   t h e   r e d u c t i o n   i n  maximum 
l e n g t h  i s  a l s o   a c c o m p a n i e d   b y   a n   i n c r e a s e   i n   w e i g h t .   I n   a l l   t h e   f o u r   i l l u s -  
t r a t i o n s   d e s c r i b e d  so f a r ,   t h e   p a c k a g i n g   c o n c e p t s   u t i 1   i z e d   h a v e   a p p l i e d   p r i m a r i l y  
to t h e   b e s t   s i z e   s o l u t i o n s   o f   F i g u r e  I ,  2 and 3. I n  a l l  cases   there   a re   so lu -  
t i o n s   a v a i l a b l e   t h a t   h a v e   s u b s t a n t i a l l y  1 i g h t e r   w e i g h t s .  The p rob lem  o f   pack -  
ag ing   these minimum w e i g h t   s o l u t i o n s   r e q u i r e s  a d i f f e r e n t   t e c h n i q u e   t h a n   t h e  
ve ry   s imp le   one   i l l us t ra ted   t hus   f a r .  The main   packag ing   p rob lem  a r ises   f rom 
t h e   l a r g e   n o   f l o w   l e n g t h s   t h a t  accompany t h e   t i g h t ,   r e s t r i c t i v e ,   t r a n s f e r   s u r -  
f a c e s   t h a t   y i e l d   t h e  minimum we igh t   so lu t i ons .  By f a r   t h e   m o s t   a t t r a c t i v e  
packag ing   concep t   f o r   t h i s   t ype   o f   hea t   exchanger   co re  i s  t h e   u s e   o f   m u l t i p l e  
c o n c e n t r i c   r i n g s .  A t y p i c a l   c o n f i g u r a t i o n   f o r  a h e a t   e x c h a n g e r   u t i l i z i n g   t h i s  
concept   and  des igned  for   an  e f fect iveness  o f   0 .85  and a t o t a l   p r e s s u r e   d r o p   o f  
2.5 p e r c e n t   i s  shown i n   F i g u r e  8. The c o r e   w e i g h t   f o r   t h i s   p a r t i c u l a r   d e s i g n  
was 59.0 l b s   w h i l e   t h e   f i n a l  wrapped  up  weight  as shown on  the   f igure ,  was 
91.3 lbs .  I t  i s   o f   i n t e r e s t   t o   n o t e   t h a t   t h e   b e s t   s i z e   c o r e   f o r   t h e s e   o p e r a t i n g  
cond i t ions   had a c o r e   w e i g h t   o f  104 l bs .   Th i s   we igh t  i s  i n  excess o f   t h e   t o t a l  
wrapped  weight o f   t h e  minimum weight  core.  A s  ef fec t i veness   inc reases   and  p res-  
su re   d rop   dec reases ,   t he   bene f i t s   o f   t h i s ,pa r t i cu la r   t ype   o f   packag ing   a re   i n -  
creased. Even a t   t h e   l o w   e f f e c t i v e n e s s  and h igh   p ressure   d rop   cond i t ions ,   the  
use o f  a s i n g l e   r i n g   d e s i g n ,   g e n e r a l l y   y i e l d s   t h e   m o s t   s a t i s f a c t o r y   s o l u t i o n .  
F i g u r e  9 shows  a t y p i c a l   s i n g l e   r i n g   d e s i g n .  

Th is   annu la r   concep t   o f   packag ing  was, t h e r e f o r e   u s e d   f o r   a l l   c o r e s   o f  
t h i s  type. From the   ve ry   l a rge  number of   heat   exchanger   cores  des igned  by 
the  computer  program,  designs  were  selected  for   ef fect iveness  of  0.75, 0.80, 
0.85 and 0.90 and f o r   c o r e   p r e s s u r e   d r o p s   o f  1.0, 2.5, 4.0, 6.0 and 8.0. 
The cores  se lected  for   each  o f   these  po ints   were  then  packaged  in   the  concen-  
t r i c   r i ng   concep t   d i scussed   above   and   ove ra l l   d imens ions   and   we igh t   ca l cu -  
la ted .  A c h a r t   o f   a l l   t h e s e   r e s u l t s  was prepared  and i s  shown i n   F i g u r e  IO. 
No redes ign   o f   t he   hea t   exchanger   co res  was  made to a l  low for the  I5 percen t  
mani fo ld   pressure  !osses.  The ac tua l   p ressure   losses   in   the   heat   exchangers  
are,   therefore,  a l i t t l e   i n  excess o f   t he   above   co re   va lues .  A t a b l e  show- 
i n g   b o t h   t h e   c o r e   a n d   o v e r a l l   p r e s s u r e   d r o p s   f o r   e a c h   o f   t h e   c u r v e s  shown 
i s   i n c l u d e d   i n   F i g u r e  IO. A s  i n   t h e   p r e v i o u s   f i g u r e s ,   t h e   a c t u a l   d a t a   p o i n t s  

A s  i n   t h e   p r e v i o u s   f i g u r e s ,   t h e   a c t u a l   d a t a   p o i n t s  
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EFFECTIVENESS = 0.75 
(AP/P) OVERALL = 4.6 PERCENT 
OVERALL WEIGHT = 53.4 LB 
OVERALL INCLUDES  THE  MANIFOLDS 
FOR  BOTH  WEIGHT AND PRESSURE 
DROP 

22.3 
IN. 

Figure  5. Conventional  Packaging  for  Tubular  Cross  Counterflow  Heat  Exchanger 
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EFFECTIVENESS = 0.80 
( A P / P )  OVERALL = 4.6 PERCENT 
OVERALL  WEIGHT = 114.3 L B  
OVERALL  INCLUDES  MANIFOLDS FOR 
BOTH  WEIGHT  AND PRESSURE DROP 

17.0 

F i g u r e  6. Typical  Packaging  for  Tubular  Cross  Counterf low  Heat  Exchanger 
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EFFECTIVENESS = 0.80 
(AP/P)   OVERALL = 4.6 PERCENT 
OVERALL  WEIGHT = 128.0 L B  
OVERALL  INCLUDES  MANIFOLDS 
FOR  BOTH  WEIGHT  AND  PRESSURE 

A-4366 

F igu re  7 ,  Al te rna te   Packag ing   f o r   Tubu la r   C ross   Coun te r f l ow  Heat Exchanger 
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23.4 I N  

AP/P  OVERALL = 2 . 8  PERCENT 
OVERALL  WEIGHT = 91 . 3  LB 

O V E R A L L   I N C L U D E S   K A N I F O L D S  
AN0  BAFFLES  FOR  BOTH  WEIGHT 
AND  PRESSURE  DROP. 

B " 1 0  

F igure  8. Mult iconcentric  Ring  Packaging of  Tubular 
Cross  Counterf low Heat  Exchanger 
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23.2 I N .  

F igure  9. Single  Ring  Packaging  of  Tubular  Cross 
Counterf low Heat  Exchanger 
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quoted  are  connected  by a s e r i e s   o f   s t r a i g h t   l i n e s .   A l s o ,   a s   b e f o r e ,   t h e  
absence o f  smooth cu rves   and   easy   i n te rpo la t i on   i s   due  to t h e   f a c t   t h a t   a s  
p rob lems  cond i t ions  change, the  opt imum  matr ix   geometry   a lso  changes.  These 
curves o f  F i g u r e  IO do, however, i l l u s t r a t e   c l e a r l y   t h e   e f f e c t   o f   b o t h   e f f e c -  
t i v e n e s s   a n d   t o t a l   p r e s s u r e   d r o p   o n   r e c u p e r a t o r s   d e s i g n e d   u t i l i z i n g   t h e   m u l t i -  
pass, cross  counter f low  tubular   heat   exchanger   des ign  concept .  

MULTIPASS  CROSS-COUNTERFLOW  PLATE FIN HEAT EXCHANGERS 

As wi th  the   mu l t i pass   t ubu la r   hea t   exchanger   so lu t i ons ,  a l a r g e  number o f  
mat r ix   geomet r ies   were   cons idered fo r  t h e   f u l l   r a n g e  o f  p rob lem  cond i t ions .  
The c o n s t r u c t i o n   o f   a l l   p l a t e   a n d  f i n  m a t r i c e s   c o n s i d e r e d   i n   t h i s   s e c t i o n   o f  
t h e   s t u d y   u t i l i z e d  0.004 in. t h i c k ,   n i c k e l  f i n s  and 0.006 in. thick, s t a i n l e s s  
s tee l   p la tes   t h roughou t .  The n i c k e l   f i n s   a r e   p r e f e r r e d   t o   s t a i n l e s s   s t e e l  be- 
cause o f   t h e   h i g h e r   t h e r m a l   c o n d u c t i v i t y  o f  n icke l   thereby   inc reas ing   the   con-  
t r i b u t i o n  o f  the  extended  surface.  Figures I i, 12 and 13 sumnarize  represen- 
ta t i ve   we igh ts   and  s izes   ob ta ined  f rom  the   computer   p rogram  used  to   des ign   the  
p l a t e   f i n  mu1 t ipass   c ross-counter f low  heat   exchangers .  The r e s u l t s  shown i n  
t h e s e   f i g u r e s   a r e   f o r   t h e   h e a t   t r a n s f e r   m a t r i x   o n l y ;  no  a l lowance was inc luded  
fo r   packag ing  o r  man i fo ld ing .  A l s o  t h e   f u l l   a v a i l a b l e   p r e s s u r e   d r o p  i s  used 
w i t h i n   t h e   c o r e  and, as   w i th   t he   c ross -coun te r f l ow   tubu la r   so lu t i ons ,F igu re  I I 
shows the  weight   and  the  three  bas ic   d imensions of t h e   h e a t   t r a n s f e r   m a t r i x  
p l o t t e d   a g a i n s t   e f f e c t i v e n e s s   f o r   t h r e e   d i f f e r e n t   p r e s s u r e   d r o p   l e v e l s .  A s  
e f fec t i veness   inc reases ,  so  does t h e  number o f  passes  and  the number o f  passes 
a c t u a l l y   u t i l i z e d   a t  each  e f fec t i veness  i s  shown on   t he   f i gu re .   F igu res  12 and 
13 show the   e f fec t   o f   chang ing   t o ta l   p ressu re   d rop   on   hea t   exchangers   w i th  
e f f e c t i v e n e s s   o f  0.75 and 0.90 r e s p e c t i v e l y .   I n   a l l  cases w i t h   t h i s   t y p e   o f  
h e a t   t r a n s f e r   m a t r i x ,  even a t   t h e   l o w e s t   e f f e c t i v e n e s s   a n d   h i g h e s t   p r e s s u r e  
drop,  the  no-f low  dimension o f   t h e   c o r e  i s  v e r y   l a r g e  when compared t o   t h e  
o t h e r  two dimensions.  This  very  long  no-f low  dimension  introduces  packaging  an 
and  mani fo ld ing  problems  and  even  in   the  cases  o f   the  so-ca l led  best   s ize 
s o l u t i o n s ,   c a r e f u l   a t t e n t i o n   m u s t  be p a i d   t o   p a c k a g i n g   i n   o r d e r   t o   o b t a i n   r e a s o n -  
a b l e  

I eav 
i n  F 
f l o w  
p a r t  
aPPe 

I 

a 

overa l l   d imens ions .  

U t i 1  i z ing   the   s imp les t   fo rm  o f   packag ing   fo r   th is   t ype   o f   core ,   tha t  i s ,  
ng the  no- f low  d imension  as a s ing le   leng th ,  a c o r e   o f   t h e   t y p e   i l l u s t r a t e d  
gure \I i s  evo lved.   Th is   type o f  design i s  obv ious ly   unacceptab le   f rom  the  
d i s t r i b u t i o n   s t a n d p o i n t   a s   t h e   m a n i f o l d   l e n g t h s   a r e  so g r e a t   t h a t  a l a r g e  
o f   t h e   h e a t   t r a n s f e r   m a t r i x   w o u l d  be s ta rved  of f l ow .  The very  awkward 
rance   o f  t h i s  co re  i s  considerably  emphasized b y  t h e   i n l e t s  and o u t l e t s  

shown.  The duc t   d iameters   o f  8 i n .on   t he  'low pressuke  s ide and 6 in .on   the  
h i g h   p r e s s u r e   s i d e   w e r e   a r b i t r a r i l y   s e l e c t e d  and a r e   u t i l i z e d  on  most f i g u r e s  
shown in   t he   pa ramet r i c   s tudy .  These duct   s izes  appear   compat ib le   wi th   main-  
t a i n i n g   t h e   v e r y  low pressure  drop  throughout  the  system. The p a r t i c u l a r   h e a t  
exchanger shown i n   F i g u r e  14 was d e s i g n e d   f o r   a n   e f f e c t i v e n e s s   o f  0 .8  and a 
t o t a l   p r e s s u r e   d r o p   o f  4 percent .  Even a t   t h e s e   f a i r l y  modest opera t ing   con-  
d i t i o n s  and u t  i l  i z i n g   t h e   " b e s t   s i z e "   t y p e  of s o l u t i o n ,   t h e   o v e r a l l  package 
d imensions,   us ing  the  s implest   form  of   packaging  are  not   acceptable.  A t  a 
S I  i gh t l y   h ighe r   p ressu re   d rop   l eve l  f 6  percent )  and t h e  same e f f e c t i v e n e s s  
and u t i 1   i z i n g  a fo rm  o f   packag ing   wh ich   d i v ides   t he   no - f l ow   l eng th   i n to   two  
equal   por t ions,  a  somewhat improved  form  of   packaging may be  obtained  as 
i l l u s t r a t e d   i n   F i g u r e  15. For the  range of o p e r a t i n g   c o n d i t i o n s   f o r   t h e   s o l a r  
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EFFECTIVENESS 0-343 

Figure  1 1 .  P la te -F in   Mul t ipass  Cross  Counterflow  Core 
Parameters  Versus  Effectiveness 
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( - I N  PERCENT 1-344 a 

F igure  12. P la te -F in   Mul t ipass  Cross Counterflow  Core 
Parameters  Versus  Percent  Pressure  Drop 
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D.8 1.b 2 .L  3 . 2  L . 0  

F i g u r e  13. P l a t e - F i n  tlu1 t i p a s s  Cross  Counterf low  Core 
Parameters  Versus  Percent  Pressure  Drop 
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Figure 14. Simple P a c k a g i n g  o f  P l a t e - F i n  
C r o s s   C o u n t e r f l o w  H e a t  E x c h a n g e r  
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F igu re  15. Typica l   P la te-F in  Cross-Counter f low Heat  Exchanger 
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powered   B ray ton   cyc le   recupera to r ,   no   p la te   f i n   ma t r i x  was found  wh ich   resu l ted  
i n  a s o l u t i o n   w h i c h  gave both  acceptable  weight   and  s imple  packaging.  

A comparison  of   Figures 1 1 ,  12 and 13 w i t h   F i g u r e  IO p l a i n l y  shows t h a t  
o v e r   t h e   e n t i r e   r a n g e   o f   o p e r a t i n g   c o n d i t i o n s ,   n o t   o n l y   a r e   t h e   p l a t e  and f i n  
cores  somewhat heav ie r   than  the   wrapped-up  tubu la r   cores ,   bu t   a lso   the  com- 
p l e x i t i e s  of p a c k a g i n g   t h e   p l a t e   a n d   f i n   c o r e s   w o u l d   n o t   y i e l d  as a t t r a c t i v e  
packages  as  the  tubular  heat  exchangers.   There  is ,   therefore,   no  point   in 
the   ope ra t i ng   cond i t i ons   o f   t he   so la r   B ray ton   cyc le   recupera to r   where  a m u l t i -  
p a s s   p l a t e   a n d   f i n   h e a t   e x c h a n g e r   y i e l d s  a opt imum  so lut ion.  Owing t o   t h i s   f a c t ,  
no  fur ther   packaging  concepts  were  prepared  and  no  curves  showing  overa l l  
d imens ions   and  we igh t   o f   fu l l y   packaged  p la te   and  f in   heat   exchangers   a re  
presented. 

PURE  COUNTERFLOW  TUBULAR  HEAT  EXCHANGERS 

When t h e   c o n t r a c t   t o   c o n d u c t   t h i s   p a r a m e t r i c   s u r v e y  was rece ived  f rom 
NASA, A iResearch   d id   no t   have  the   computer   p rogram  to   des ign  pure coun te r f l ow  
tubular  heat  exchangers.  A s  p a r t   o f   t h i s   c o n t r a c t ,  a program was w r i t t e n  and 
1s descr ibed  in   Append ix  C .  The m a i n   l i m i t a t i o n   t o   t h e   u s e   o f  t h i s  p ro-  
gram  and t o   t h e   d e s i g n   o f   t h i s   t y p e   o f   h e a t  exchanger, i s  t h e   l s c k   o f   r e -  
l i a b l e   h e a t   t r a n s f e r   a n d   f r i c t i o n   f a c t o r   d a t a   f o r   f l o w   o u t s i d e   a n d   p a r a l l e l  
to, tube  bundles.   This  lack  of   data  and  the  search  conducted  by  AiResearch 
i n t o   t h e   d a t a   t h a t  i s  a v a i l a b l e ,  i s  d iscussed  in   Appendix  D. 

I n   o r d e r   t o   d e t e r m i n e   w h e t h e r   o r   n o t   t h i s   t y p e   o f   m a t r i x  was s u i t a b l e  
f o r  any   pa r t   o f   t he   range   o f   ope ra t i ng   cond i t i ons   be ing   s tud ied ,  i t  was neces- 
s a r y   t o  assume some p r e d i c t a b l e   o p e r a t i n g   c o n d i t i o n s   f o r   t h e   f l o w   o u t s i d e   t h e  
tubes. All p r e l i m i n a r y   i n v e s t i g a t i o n s   o f   t h i s   t y p e   o f   m a t r i x ,   t h e r e f o r e ,   u s e d  
t h e   C o l b u r n   M o d u l u s   a n d   F a n n i n g   f r i c t i o n   f a c t o r   d a t a   f o r   f l o w   i n s i d e   p l a i n  
round  tubes. As wi th   the  cross-counter f low  tubular   heat   exchanger   des igns,  a1 1 
s t a i n l e s s   s t e e l   c o n s t r u c t i o n  was used  throughout  and a w a l l   t h i c k n e s s   o f  0.004 
i nswas  ma in ta ined.  By vary ing  tube  d iameter  and tube  spacing, a l a r g e  number 
o f   mat r i x   geomet r ies   were   examined  fo r   each  p rob lem  cond i t ion .  The r e s u l t s  
ob ta ined  f rom  these  p re l im inary   computer   runs   a re  shown i n   F i g u r e s  16 and 17. 
I n   t h i s   p a r t i c u l a r   t y p e   o f   h e a t   t r a n s f e r   m a t r i x ,   t h e r e   a r e   o n l y   t w o   o v e r a l l ,  
package  dimensions. These two  d imensions  are  face  area  (or  number o f   t ubes )  
and  tube  length.  There i s  no t h e o r e t i c a l   l i m i t a t i o n   i n   t h e  way the  face  area 
i s  arranged and th roughout   the   s tudy   a l l   computer   resu l ts   were   ob ta ined  as  a 
rec tangu la r   t ube   bund le   w i th   t he   f ace   aspec t   ra t i o   o f  I .O.  The face  dimension 
shown i n   F i g u r e s  16 and 17 is ,  t he re fo re ,  one s i d e   o f  a square  face.  Also 
shown i n   F i g u r e s  16 and 17 a re   smal l   tab les   showing  bo th   the   ass igned  and  ac tua l  
p ressure   d rop   o f   each  o f   the   curves   appear ing   on   these  f igures .  The assigned 
pressure  drops shown rep resen t   t he   i npu t   cond i t i ons  Fed i n t o   t h e  computer, 
wh i l e   t he   ac tua l   p ressu re   d rops  shown represent   the   core   p ressure   d rop   u t i1   i zed  
i n   t h e   f i n a l   d e s i g n .  The d i f fe rence  be tween  the   ass igned  and  ac tua l   p ressure  
d r o p   r e s u l t s   f r o m   t h e   f a c t   t h a t   o n l y  one s ide   o f   t hese   pu re   coun te r f l ow   hea t  
e x c h a n g e r s   u t i l i z e s   t h e   f u l l   a v a i l a b l e   p r e s s u r e   d r o p  a n d   t h e   o t h e r   s i d e   u t i l i z e s  
o n l y  a f r a c t i o n  G ’  t h e   g i v e n   i n p u t .  The program i s  so w r i t t e n   t h a t   t h e   s i d e  
r e q u i r i n g   t h e  mas, pressure  drop i s  a l w a y s   c o n t r o l l i n g  and  therefore,   the  core 
pressure  drop f o r  any  des ign  is   a lways  less  than  the  ass igned.  
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F i g u r e  16 presents  a  summary o f   t h e  minimum w e i g h t   s o l u t i o n s   o b t a i n e d   f o r .  
the  range  o f   operat ing  condi t ions  examined.  The range  o f   cond i t ions   examined 
f o r   t h i s   t y p e   o f   h e a t  exchanger, was l i m i t e d   t o   e f f e c t i v e n e s s e s   g r e a t e r   t h a n  
0.85 and  ass igned  p ressure   d rops   o f   less   than 6 percent.  From t h e   f i g u r e  i t  can 
be  seen tha t   we igh t   i nc reases   rap id l y   w i th   i nc reas ing   e f fec t i veness   wh i l e   bo th  
face   a rea   and  tube  leng th   inc rease  a t  a  somewhat s lower   ra te .  The i n f l u e n c e  
o f   ove ra l l   p ressu re   d rop  on heat   exchanger   we igh t   i s   no t   g rea t ,   bu t   i t s  
i n f l u e n c e  on package  dimensions i s  pronounced. A s  pressure  drop i s  decreased, 
f a c e   a r e a   i n c r e a s e s   a n d   t u b e   l e n g t h   d e c r e a s e s .   I n   a l l   t h e   d e s i g n s   u t i 1   i z e d   t o  
prepare  F igure 16, no  al lowance i s  made t o   e i t h e r   d i m e n s i o n s   o r   w e i g h t   f o r  
mani fo ld ing  and  packaging.  All d e s i g n s   o f   t h i s   f i g u r e  do, however, cons ide r  
t h e   e f f e c t   o f   a x i a l   c o n d u c t i o n .  The method o f   a l l o w i n g   f o r   t h e   e f f e c t   o f   a x i a l  
c o n d u c t i o n   i n   t h i s   t y p e   o f   h e a t  exchanger, i s   d e s c r i b e d   i n   A p p e n d i x  A. I t  i s  
o f   i n t e r e s t   t o   n o t e ,   t h a t   a t   t h e   l o w  end o f   t h e  range  cons idered  (e f fec t i ve-  
ness 0.85, ( A P / P )  = 3 . 9  p e r c e n t )   t h e   e f f e c t   o f   a x i a l   c o n d u c t i o n   i n c r e a s e s   h e a t  
exchanger   s ize  by  approx imate ly  3 percent .  A t  t h e   h i g h  end o f   t h e   o p e r a t i n g  
r a n g e   ( e f f e c t i v e n e s s  0.95, ( A P / P )  = 0.65 percent)   the  eFfect   of   a;( iJ]   con- 
d u c t i o n  on heat  exchanger  size  increases t o  53 percen t .  

I n   o r d e r   t o   d e t e r m i n e  what e f f e c t   v a r i a t i o n s   i n   o u t s i d e   t u b e   c h a r a c t e r -  
is t ics  would  have  on  heat  exchanger  performance some designs  where  prepared 
u s i n g   h y p o t h e t i c a l   v a l u e s   f o r   b o t h   h e a t   t r a n s f e r   c h a r a c t e r i s t i c s   a n d   i r i c t   i o n  
f a c t o r .  The changes   se lec ted   i n   t hese   cha rac te r i s t i cs   were   pu re l y   a rb i t ra ry  
bu t ,   we re   su f f i c i en t l y   l a rge   t o   ensu re   t ha t   app rec iab le   changes   i n   co re   s i ze  
and  weight  would  occur. The des igns   p resented   in   F igures  16 and 17 u t i l i z e d  
the  Colburn  modulus and F a n n i n g   f r i c t i o n   f a c t o r   f o r   f l o w   i n   p l a i n   r o u n d   t u b e s .  
The a r b i t r a r y  changes  selected  were t o  i n c r e a s e   t h e   f r i c t i o n   f a c t o r   b y  25  
pe rcen t   w i th  a corresponding  increase i n  Colburn  modulus  o f  I O  percent  and t o  
d e c r e a s e   t h e   f r i c t i o n   f a c t o r  by 25 p e r c e n t   w i t h  a decrease in   Colburn  modulus 
o f  IO percent .  The e f f e c t   o f   t h e s e   a r b i t r a r i l y   s e l e c t e d  changes i n   o u t s i d e  
the   tube  bund le   charac ter is t i cs   on   heat   exchanger   s ize  i s  c l e a r l y  shown i n  
F igu re  18.  A t  a l  1 e f fec t i venesses   f rom 0 . 8 5  t o  0.95 ,  t h e   e f f e c t  on heat  ex- 
changer   we igh t   i s   very   smal l   wh i le   the   e f fec t   on   heat   exchanger   d imens ions  i s  
somewhat g rea te r .  The curves shown i n   F i g u r e  18 a r e   a l l   f o r  a c o l d   p r e s s u r e  
d rop   (ou ts ide   t ubes )   o f  1 pe rcent .  If a higher   nominal   pressure  drop  core 
i s  considered  the  changes  in   heat   exchanger   weight   and  s ize  are somewhat l e s s  
w h i l e  i f  a lower   pressure  drop  des ign i s  c o n s i d e r e d   t h e   e f f e c t s   a r e   s l i g h t l y  
g r e a t e r .  The main   purpose  in   p repar ing   F igure  18 was t o  show, t h a t   a l t h o u g h  
t h e   d a t a   a v a i l a b l e   f o r   f l o w   o u t s i d e  and p a r a l l e l   t o   t u b e   b u n d l e s  i s  very  
vague  the  use o f   f l o w   i n s i d e   p l a i n  round  tubes  does  not  inval idate a compari-  
son o f   p u r e   c o u n t e r f l o w   t u b u l a r   h e a t   e x c h a n g e r s   w i t h   p u r e   c o u n t e r f l o w   p l a t e - f i n  
heat  exchangers. If, however, i t  i s  d e c i d e d   t o   f a b r i c a t e  a p u r e   c o u n t e r f l o w  
tubular  heat  exchanger  more  accurate  data  would be r e q u i r e d   i n   o r d e r   t o   o b t a i n  
an accu ra te   de te rm ina t ion   o f   t he   d imens ions   requ i red .  

A s  w i t h   t h e   c r o s s - c o u n t e r f l o w   t u b u l a r   s o l u t i o n ,   c o n s i d e r a b l e   a t t e n t   i o n  
must  be  devoted t o   t h e   m a n i f o l d i n g  and packag ing   concep ts   i n   o rde r   t o   de te r -  
mine  opt imum  heat   exchanger   conf igurat lon.  A s  s t a t e d  above, the  computer   pro-  
gram  generates a tube   bund le   w i th  a square   face   a rea .   Whi le   th is   t ype   o f   face  
area   p resents  a very  s imple  set   of   core  d imensions, i t  i s  a l m o s t   i m p o s s i b l e   t o  
i n t r o d u c e   t h e   o u t s i d e   f l o w   t o   t h e   c e n t e r   o f   t h e   b u n d l e .   I n   o r d e r   t o   e n s u r e  
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sa t i s fac to ry   pe r fo rmance  o f  cores  o f  t h i s   t y p e  i t  i s  necessary to b e   s u r e   t h a t  
t he  f low on t h e   o u t s i d e  o f  t h e   t u b e s   i s   a c t u a l l y   p a r a l l e l  to the   t ubes   ra the r  
than   ac ross  them. I t  is,   therefore,   necessary  to  have  one small dimension i n  
the   f ace   a rea  which m in im izes   t he   l eng th   ac ross   t he   t ubes   ove r   wh ich   t he   f l ow  
must  pass. By i n t r o d u c i n g  t h i s  l i m i t a t i o n   t h e   o t h e r   d i m e n s i o n  o f  t h e   f a c e  
area  consequent ly  becomes la rge   and   t he  same packag ing   p rob lem  ex is ts  a s  
e x i s t e d  with the   c ross-counter f low  tubu la r   des igns .  Two d i f f e r e n t  methods o f  
p a c k a g i n g   t h i s   t y p e   o f   h e a t   e x c h a n g e r   c o r e   a r e   i l l u s t r a t e d   i n   F i g u r e s  19 and 
20. F i g u r e  19 shows  how the  one  long  d imension o f  the   f ace   a rea  may b e   d i v i d e d  
i n t o   s e v e r a l   s h o r t e r   s t r a i g h t   l e n g t h s .  A means o f  i n t r o d u c i n g   b o t h   t h e   h o t  
a n d   c o l d   f l u i d s  to t h i s   t y p e   o f   o v e r a l l   c o n f i g u r a t i o n  i s  a l s o   i l l u s t r a t e d   i n  
F i g u r e  19. A s  a d i rec t   compar ison   to   the   heat   exchanger  shown i n   F i g u r e  19, 
F i g u r e  20 i l l u s t r a t e s   t h e   i d e n t i c a l   c o r e   w r a p p e d  up i n   t h e  same t y p e   o f   m u l t i -  
c o n c e n t r i c   r i n g   d e s i g n   a s   u t i l i z e d   f o r   t h e   c r o s s - c o u n t e r f l o w   t u b u l a r   h e a t   e x -  
changers.  Again,  Figure 20 i l l u s t r a t e s  how t h e   f l u i d   w o u l d  be i n t r o d u c e d   t o  
bo th   ins ide   and  ou ts ide   the   tube  bund le .  The square   des ign   o f   F igure  19 has 
the  1 i m i t a t i o n   t h a t  i t  i s  n o t  a good pressure  vessel   as i t  possesses a number 
o f   l a r g e   f l a t   f a c e s .   T h i s   d e s i g n   c o u l d  be u t i l i z e d   b y   u s i n g  honeycomb panels 
o r  some f o r m   o f   s t i f f e n i n q   s t r u c t u r e   b u t  i s  d e f i n i t e l y   l e s s   d e s i r a b l e   t h a n   t h e  
concept shown i n  F i g u r e  20. I n   a d d i t i o n   t o   b e i  
m u l t i - c o n c e n t r i c   r i n g   d e s i g n   a l s o  has a s l i g h t 1  

H a v i n g   s e l e c t e d   t h e   m u l t i - c o n c e n t r i c   r i n g  
a b l e   f o r   t h i s   t y p e   o f   f l o w   c o n f i g u r a t i o n ,   h e a t  
e ra ted   cove r ing   t he   des i red   range   o f   ope ra t i ng  

C o f   t h e   p r o b l e m   c o n d i t i o n s   b e i n g   c o n s i d e r e d  i 
s ize  increases  more  and more r i n g s   a r e   r e q u i  
t r a t e s   t h e   e f f e c t   o f   p r e s s u r e   d r o p   l e v e l  and 
weight and size, the number o f   r i n g s   u t i l i z e d  
prev ious   curves   p resented   fo r   heat   exchanger  
s m a l l   t a b l e  on F i g u r e  21 shows t h e  nominal. p 
t h e   d e s i g n ,   t o g e t h e r   w i t h   t h e   a c t u a l   o v e r a l l  

n 
r 

r 

r 

ng a be t te r   p ressu re   vesse l ,   t he  
y l i g h t e r   w e i g h t .  

packaging  concept a s  most s u i t -  
exchanger  designs  were  gen- 
c o n d i t i o n s .  A s  t h e   s e v e r i t y  
eases  and the  heat  exchanqer - 

ed. I n   F i g u r e  21,which i l l u s -  
e f fect iveness  on  heat   exchanger  
va r ies   f rom 3 t o  6. A s  w i t h   t h e  
core  d imensions and weight,   the 
essure  drops  which  were  used  in 
t o t a l   p r e s s u r e   d r o p s .  

PURE COUNTERFLOW  PLATE FIN HEAT EXCHANGER 

The matr ices  were assumed t o  be   cons t ruc ted   o f   s ta in less   s tee l  and t o  
u t  i l  i z e   n i c k e l   f i n s  0.004 i n c h e s   t h i c k   a n d   p l a t e s  0.006 inches   t h i ck .  The 
r a t i o  o f   f ace   a rea   he igh t   t o   f ace   a rea   w id th  i s  a r b i t r a r y  f o r  t h i s   t y p e   o f  
heat  exchanger  and a r a t i o   o f  I .O was u t  i1 i zed   t h roughou t   t he   ca l cu la t i ons .  

As a p r e l i m i n a r y   s t e p  a s e r i e s   o f   d e s i g n s  was run o f f   o n   A i R e s e a r c h ' s  I B M  
7074 computer   us ing   the   ex is t ing   des ign   p rogram  fo r  t h i s  type o f   h e a t  exchanger. 
T h i s   e x i s t i n g   c o m p u t e r   p r o g r a m   d i d   n o t   i n c l u d e   t h e   e f f e c t   o f   a x i a l   c o n d u c t i o n  
b u t  was used  to   es tab l i sh   the   t rends   caused  by   chang ing   e f fec t i veness   and  p res-  
sure  drop. The r e s u l t s   o f   t h e s e   r u n s   a r e   p l o t t e d   i n   F i g u r e s  22, 23 and 24. 
F igu re  23 shows the  minimum core   we igh t   so lu t ions ,   and  the   cor respond ing   core  
dimensions,  as a f u n c t i o n   o f   e f f e c t i v e n e s s   f o r   s e v e r a l   t o t a l  AP/P r a t i o s .  The 
a s s i g n e d   t o t a l  A P / P  ra t ios   represent   the   to ta l   p ressure   d rops   tha t   were   g iven  
as  input  to  the  computer  program. Each s ide   o f   t he   hea t   exchanger  was a l l o t t e d  
one h a l f  o f  t h e   g i v e n   t o t a l  AP/P. However, s ince   on l y   one   s ide   o f   t he   hea t   ex -  
changer  used  up i t s  a l l o t t e d   p r e s s u r e  drop ,   the   ac tua l   p ressure   d rop   fo r   the  
designed  core was less  than  the  ass igned  pressure  drop.  
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3 1 . 7  IN 

F i g u r e  19. Rectangular  Packaging  of   Tubular  Pure  Counterf low  Heat  Exchanger . 

29 



41.0 IN 

F i g u r e  20. Mu l t i concen t r i c   R ing   Packag ing  o f  Tubular  Pure 
Counterf  low Heat  Exchanger 
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Figure  22.  P l a t e - F i n  PIII-c i ,>lmterflow  Core  Parameters 
Versus E f f e c  i p i . l e S S  
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F i g u r e  2 4 .  Pla te- f in   Pure   Counter f low  Core   Parameters  
V e r s u s  Percent  Pressure  Drop 

34 



The curves show s i m i l a r   t r e n d s  to the   p rev ious   types  o f  heat  exchangers, 
t h a t  i s ,  a l a r g e   i n c r e a s e   i n   b o t h   c o r e   w e i g h t  and core  face  dimensions  occurs 
a t   h i g h   e f f e c t i v e n e s s   a n d   l o w   t o t a l  AP/P r a t i o s .  

The e f f e c t   o f   v a r y i n g  AP/P i s  shown i n   F i g u r e s  23 and 2 4 .  The heat  
exchanger   parameters   a re   p lo t ted   aga ins t   percent   p ressure   d rop   o f   the   s ide  
which  used up i t s   a l l o t e d   p r e s s u r e  drop, t h a t  i s ,  one h a l f   o f   t h e   a s s i g n e d  
t o t a l   p r e s s u r e   d r o p .  From these   f i gu res  i t  i s  seen t h a t   t h e   c o r e   w e i   h t  and 
core  face  d imensions  are  decreased with i n c r e a s i n g  (AP/P) or (AP/Pycold as 

the   case may be.  General  ly, a t   l o w  (AP/P)hot r a t i o s   t h e   f l o w   l e n g t h s   a r e  smal 1 

and the   face   a reas   a re   la rge .   Th is  i s  u n d e s i r a b l e   f r o m   t h e   s t a n d p o i n t   o f  
ax ia l   hea t   conduc t ion   and   a l so   requ i red   man i fo ld   we igh ts .  As  a r e s u l t ,   b e f o r e  
packaging and mani fo ld ing  any  o f   these  des igned  cores,   the  heat   exchanger   des ign 
program was m o d i f i e d   t o   i n c l u d e   t h e   e f f e c t   o f   a x i a l   c o n d u c t i o n  and the  above 
cores  were  recalcu lated.  The e f f e c t   o f   a x i a l   c o n d u c t i o n  was ca l cu la ted   acco rd -  
i n g   t o   t h e   s i m p l i f i e d   e q u a t i o n s   p r e s e n t e d   i n   A p p e n d i x  A. 

h o t  

Two t y p e s   o f   m a n i f o l d i n g  and packaging  concepts  were  developed  for   the 
p l a t e - f i n   p u r e   c o u n t e r f  low  heat  exchanger.  These  are shown i n   F i g u r e s  2 5  and 
26. The pr inc ipa l   d i f fe rence  be tween  the   two i s  t h e  way the   ho t  and c o l d  
f l u i d s   a r e   i n t r o d u c e d   t o  and  removed f rom  the   core .  The t r a n s i t i o n   s e c t i o n s  
i n   F i g u r e  2 5  are  formed by s i n g l e   t r i a n g u l a r   p l a t e - f i n   s e c t i o n s   w h i l e   t h o s e   o f  
F i g u r e  2 6  are  formed  f rom  double  t r iangular   sect ions.  The en t rance and e x i t  
f r ee   f l ow   a reas   on   bo th   s ides   o f   bo th   concep ts   a re   i den t i ca l ,   bu t   we igh t  
sav ings   a re   ob ta ined  in   the   doub le   t r iangu lar   concept  as less  area and mass 
i s  used i n   t h e   t r a n s i t i o n .  The r e d u c t i o n   i n   s u r f a c e   a r e a   o f   t h e   t r a n s i t i o n  
s e c t i o n s   i n   t h e   F i g u r e  2 6  concept   over   the   F igure  25 concept   does  not   a f fect  
the  heat  exchanger  performance as t h e   s l i g h t   a d d i t i o n a l   h e a t   t r a n s f e r   t h a t  
occu rs   i n   t hese   sec t i ons  i s  no t   cons idered  in   the   des ign .   In   bo th   des igns  
t h e   i n l e t  and o u t l e t   t r i a n g u l a r   t r a n s i t i o n   s e c t i o n s   a r e   o f  a p l a t e - f i n  con- 
s t r u c t i o n   w i t h  l ow   dens i t y   f i ns   on   t he   co ld   o r   h igh   p ressu re   s ide   on l y .  The 
w e i g h t   o f   t h e  packaged  heat  exchanger  tends  to be less when t h e   f l u i d s   a r e  
i n t r o d u c e d   i n   t h e  manner o f   F i g u r e  2 6  as  compared t o   F i g u r e  2 5 ,  bu t   t he   doub le  
t r i a n g u l a r   c o n c e p t   o f   F i g u r e  2 6  y i e l d s  a longer   overa l l   leng th .   There fore ,  
the  computer   des igned  cores  for   the  rest  o f  the  problem  statement  range  were 
a l l  packaged  and man i fo lded as  shown i n   F i g u r e  2 6 .  The we igh ts  and dimensions 
o f   t hese   packaged   co res   a re   p lo t ted   i n   F igu re  27  a g a i n s t   e f f e c t i v e n e s s .  
Several   curves  are shown each f o r  a d i f f e r e n t   o v e r a l l   t o t a l  A P / P  r a t i o .  These 
r a t i o s   a r e   a c t u a l   f i g u r e s  and include,  besides  core  pressure  drop,  the  pressure 
d rop  due t o   t h e   i n l e t  and o u t l e t   m a n i f o l d s  and t r a n s i t i o n   s e c t i o n s .   F o r   t h e s e  
o v e r a l l   p r e s s u r e   d r o p s   t h e   t r a n s i t i o n   s e c t i o n   l o s s e s   a r e   c a l c u l a t e d   f r o m   t h e  
computer  program  descr ibed  in  Appendix D w h i l e   t h e   a l l o w a n c e   f o r   t h e   m a n i f o l d s  
i s  t he  same 15 percen t   used   f o r   t he   o the r   hea t   exchanger   con f i gu ra t i ons .  
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EFFECTIVENESS 

 figure 27.  Plate-Fin  Pure  Counterf low  Heat  Exchanger 
Parameters  Versus  Effect iveness 
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SECTION 3 

OPERATING  CONDITION AND HEAT EXCHANGER TYPE SELECTION 

COMPARISON OF HEAT  EXCHANGER TYPES 

The p rev ious   sec t i on   ou t l i ned   t he   comp le te   i nves t i ga t i ons   conduc ted   on  
the  four   types  o f   heat   t ransfer   matr ices  which  were  cons idered.   Severa l  
impor tant   conc lus ions  were  drawn  regard ing  each  o f   the  types  cons idered.   For  
e a c h   p o i n t   o f   a l l   t h e   c u r v e s   u s e d   i q   S e c t i o n  2 a l a r g e  number o f   d e s i q n s  
us ing   d i f fe ren t   sur face   geomet r ies   were   fo rmula ted   to   de termine   the  "most s u i t -  
able  design".  "Most s u i t a b l e   d e s i g n "  may be de f i ned   as   t ha t   des ign   wh ich   y ie lded  
minimum w e i g h t   o r   c l o s e   t o  minimum weight  heat  exchanger  package  coupled  with 
reasonable  dimensions. An e x a m i n a t i o n   o f   t h e   h e a t   t r a n s f e r   c o r e s   o r i g i n a l l y  
designed by the  computer   programs  e l iminated  the  mul t i -pass  cross-counter f low 
p l a t e   f i n   h e a t  exchanger   f rom  fu r the r   cons ide ra t i on .   Th i s   e l im ina t i on  was 
poss ib le   on   the   g rounds  tha t   no t   on ly  was t h i s   t y p e   o f   c o r e  much heavier   than 
t h e   o t h e r   t y p e s   c o n s i d e r e d ,   a t   a l l   o p e r a t i n g   c o n d i t i o n s ,   b u t  i t  was a l s o  
the  most   complex  to   package.   Having  e l iminated  th is   par t icu lar   type,   care-  
f u l   c o n s i d e r a t i o n  was g iven  to   packag ing   concepts   fo r   each  o f   the   o ther   th ree  
types. I n   t h e  case o f   bo th   the   pure   counter f low  and  the   c ross   counter f low 
t u b u l a r   m a t r i c e s   m u l t i p l e   c o n c e n t r i c   r i n g   p a c k a g i n g  was selected  as  optimum. 
This   type  o f   packaging i s  i l l u s t r a t e d   i n   F i g u r e s  8, 9, and 20. Wi th   the  
pure   counter f low  p la te   and  f in   heat   exchangers   the   cho ice   o f   man i fo ld ing   and 
packaging was more 1 i m i t e d  and t h e   d o u b l e   t r i a n g u l a r   t r a n s i t i o n   s e c t i o n s  
i l l u s t r a t e d   i n   F i g u r e  26 were  selected  as  optimum. 

In   o rde r   t o   ob ta in   t he   i somet r i c   d iag rams ,   hea t   exchanger   we igh ts  and 
d imens ions   used  th roughout   th is   repor t   a t   leas t  one layout   drawing was  made 
o f  each of   the  concepts  cons idered  for   each  type  o f   heat   exchanger .  A s  
s t a t e d   p r e v i o u s l y ,   t h e r e  i s  no simple,  unique  heat  exchanger  concept o r  type 
which i s  most s a t i s f a c t o r y   a t   a l l   c o n d i t i o n s .  For  the  range  of   problem 
c o n d i t i o n s  examined, t h a t   i s ,   e f f e c t i v e n e s s  from 0.75 t o  0.95 and pressure 
drop  ra t io   (Ap/p)ovERALL  f rom I pe rcen t   t o  8 percent  a very   rough  gu ide   in  

t h e   s e l e c t i o n   o f   t h e  optimum  cores may be made  as f o l l o w s .  A t  t he   h ighes t  
e f f e c t i v e n e s s  and lowest   p ressure   d rop   cond i t ions   pure   counter f low  tubu la r  
heat   exchangers   p resent   the   l igh tes t   we igh t   so lu t ions .  I f  minimum p r o j e c t e d  
area i s  more  valuable  than minimum we igh t ,   pu re   coun te r f l ow   p la te - f i n   co res  
may be used, b u t   a t  a c o n s i d e r a b l e   w e i g h t   p e n a l t y .   I n   t h e   i n t e r m e d i a t e  
r a n g e   p u r e   c o u n t e r f l o w   p l a t e - f i n   s o l u t i o n s   y i e l d   b o t h  minimum weight and 
minimum p r o j e c t e d   a r e a .   I n   t h e  l o w  e f f e c t i v e n e s s  and h igh  pressure  drop 
s e c t i o n   o f   t h e  range ,   c ross -coun te r f l ow   tubu la r   un i t s   have   t he   l i gh tes t  
we igh ts ,   bu t   p ro jec ted   a reas  may be  reduced  by  the  se lect ion  o f   pure 
c o u n t e r f l o w   p l a t e - f i n   u n i t s .  
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Figures 28 and 29 were   p repared  to   canpare   in   de ta i l   the   th ree   types  
of hea t   exchangers   wh ich   a re   be ing   cons ide red   f o r   use   i n   t he   B ray ton   cyc le  
system.  These  two f i g u r e s  were   p repared   by   ca re fu l l y   cons ide r ing   t he   i n -  
f o rma t ion   p resen ted   i n   F igu res  IO,, 21  and 27 .  As the   exac t   p ressure   d rop  
values  used i n  each o f   t h e s e   f i g u r e s  do n o t   c o i n c i d e  a s l i g h t  amount of 
i n t e r p o l a t i o n  was requ i red .  The in terpolat ions  were  based  on  the  very  
l a r g e  mass o f   da ta   ob ta ined  by   A iResearch   wh i le   fo rmula t ing   these  des igns .  
I n   F i g u r e  31 the  heat  exchangers  are  compared  on  the  basis of weights  and 
smal les t   p ro jec ted   a rea   tha t   the   heat   exchanger   p resents   f rom  any   par -  
t i c u l a r   s i d e .  The t h r e e   s e t s   o f   c u r v e s   a r e  for t h r e e   d i f f e r e n t   t o t a l   p e r -  
cent  pressure  drops.  From  these  curves  another set o f  curves,   F igure 29, 
was prepared  which  presented  the  selected  minimum  weight and  minimum pro-  
jected  area  des igns  for   the  g iven  problem  s tatement   range.  

F igures 28 and 29 present  a  sumnary o f   t h e  reconmended recuperator  
designs  which  should  be  considered when making a s e l e c t i o n   f o r   t h e   B r a y t o n  
c y c l e   s y s t e m .   I n   o r d e r   t o   o b t a i n   s o l u t i o n s   o v e r   t h e   e n t i r e   e f f e c t i v e n e s s  
and pressure  drop  range  examined  in terpolat ions  o f   the  curves  in   F igures 
28 and 29 may be r e q u i r e d .   I n t e r p o l a t i o n   o f   t h e s e   c u r v e s  does n o t   y i e l d  
exac t   so lu t i ons  and the re fo re ,  when NASA f i n a l l y   s e l e c t e d   t h e   o p e r a t i n g  
c o n d i t i o n s  and heat  exchanger  type a r e - e v a l u a t i o n  was necessary  to  de- 
t e r m i n e   t h e   f i n a l   d e s i g n   d e t a i l s .  

PRELIMINARY D E S I G N  SELECTION 

On J u l y  15,  1964 o f f i c i a l   c o n f i r m a t i o n   o f   t h e  NASA s e l e c t i o n   o f  a 
pu re   coun te r f l ow   p la te   f i n   hea t   exchanger  as t h e   u n i t   t o  meet t h e i r   s p e c i -  
f i c a t i o n  was received.  The f i n a l   o p e r a t i n g   c o n d i t i o n s   s e l e c t e d   f o r   t h i s  
u n i t  were  as f o l  lows: 

'Hot I n l e t   C o l d   I n l e t  

Temperature, O R  I560  80 I 

Pressure, ps i a  6 . 7 3   1 3 . 8  

Argon  f low  ra te,  
l b   p e r   m i n  

3 6 . 6 9   3 6 . 6 9  

E f f e c t i v e n e s s  0 . 9   0 . 9  

To ta l   p ressu re   d rop  (AP/P  f o r   bo th   s ides ) ,   pe rcen t  = 2.0 

Wi th   t he   dec i s ion  t o  use t h i s   t y p e   o f   m a t r i x   a t   t h e s e   c o n d i t i o n s ,  
a v e r y   c a r e f u l   s u r v e y   o f   t h e   r e s u l t s   o b t a i n e d   d u r i n g   t h e   p a r a m e t r i c   s t u d y  
was  made t o  ensure  that   the  opt imum  core was se lec ted .   Th i s   s tudy   o f   t he  
hea t   exchanger   des igns   f o rmu la ted   l ed   t o   t he   se lec t i on   o f  a heat  exchnnger 
m a t r i x   w i t h  a f l o w   l e n g t h   o f  7 .28  in.,  a s tack -up   he igh t   o f  25 .46  in.,  a 
f l o w   w i d t h   o f  25 .  19 in .   Th is   core   cons is ted   o f  74 sandwiches o f  12 rec tangu la r  
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EFFECTI'JENESS 

F i g u r e  28. Heat  Exchanger  Weights  and  Projected  Areas 
for   Three  Matr ix   Types 
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o f f s e t   f i n s   p e r   i n . ,  0.178 i n .   h igh   on   the   low  p ressure   s ide  and 74 
sandwiches o f  16 r e c t a n g u l a r   o f f s e t   f i n s   p e r   i n . ,  0. 153 i n .   h igh   on   t he  
h i g h   p r e s s u r e   s i d e .   T h i s   u n i t   h a s  a c o r e   e f f e c t i v e n e s s   o f  0.90 w i t h  a 
t o t a l   p r e s s u r e   d r o p  (AP/P) o f  0.71 percent.  The  est imated  expansion  and 
con t rac t i on   l osses   f o r   en te r . i ng   and   l eav ing   t he  6 i n .   d i a .   h i g h   p r e s s u r e  
duc ts  and t h e  8 in. d ia .   l ow   p ressu re   duc ts   t o ta l s  0.63 percent  (AF'/P). 
T h i s   l e f t  a t o t a l   o f  0 . 6 6   p e r c e n t   a v a i l a b l e   f o r   t h e   t r i a n g u l a r  end sec t i ons  
r e q u i r e d   f o r   t h e   i n t r o d u c t i o n   a n d   r e m o v a l   o f   t h e   f l o w   f r o m   t h e   h e a t   e x -  
changer.  The p r e l i m i n a r y  end sec t i on   des igns   wh ich   were   p repared   t o  u t i -  
1 i z e   t h i s   a v a i l a b l e   p r e s s u r e   d r o p   r e s u l t e d   i n  an overa l l   heat   exchanger  
w e i g h t   o f  330 lb .  The p h y s i c a l   c h a r a c t e r i s t i c s   o f   t h e   h e a t   e x c h a n g e r   w h i c h  
r e s u l t e d  i.n th i s   we igh t   a re   g i ven   be low.  

I .  H a s t e l l o y  C t ube   p la tes ,  0.005 i n .   t h i c k  

2.  Ho l low   s ta in less   s tee l   header   ba rs  

3. S t a i n l e s s   s t e e l   s i d e   p l a t e s  and man i fo lds  

4 .  N i c k e l   f i n s ,  0.004 

5. P l a i n   r e c t a n g u l a r  f 
s u r e   t r i a n g u l a r  and 

DETAILED PARAMETRIC  SURUEY 

i n .   t h i c k  

i n s   i n   b o t h   t h e  h 
sec t ions ,  5 f i n s  

igh   p ressure  and low  pres- 
per  in,  0.004 i n .   t h i c k  

The heat  exchanger  design  discussed  above  resul ted  f rom  making  the  best 
i n t e r p o l a t i o n   p o s s i b l e   f r o m   t h e   p a r a m e t r i c   s t u d y   c u r v e s .   I n   o r d e r   t o   e n s u r e  
t h a t   t h e   c o r r e c t   i n t e r p o l a t i o n   o f   t h e s e   c u r v e s   h a d  been made NASA requested 
some a d d i t i o n a l   p a r a m e t r i c   s t u d i e s   i n  a narrow  range band. The range  of 
i n t e r e s t  was thermal   e f fec t i veness   f rom 88 t o  91 percent  and a t o t a l   p r e s -  
sure  drop f rom I .5 to 3 percent.  

I n   c o n d u c t i n g   t h i s   d e t a i l e d   p a r a m e t r i c   s u r v e y ,   t h e   p h y s i c a l   g e o m e t r y  
o f   t h e  above  described  heat  exchanger was mainta ined.   F igure 33 shows the  
r e s u l t s   o f   t h i s   d e t a i l e d   p a r a m e t r i c   s t u d y  on ove ra l l   r ecupera to r   we igh t ,  
face  area, and length .  A l l  t he   so lu t i ons   genera ted   a re   pu re   coun te r f l ow  
p la te   f i n   ma t r i ces   us ing   t he   above   desc r ibed   f i ns   and   us ing   s ing le   t r i angu la r  
end sec t ions   fo r   the   in t roduc t ion   and  remova l   o f   the   f lows  f rom  the   ma in   coun-  
te r f l ow   co re .  The length  d imension shown i n   F i g u r e  30 i s   t h e   c o u n t e r f l o w   c o r e  
l e n g t h   p l u s   t h e   h e i g h t   o f   t h e   t r i a n g u l a r   s e c t i o n s ,   w h i l e   t h e   f a c e   a r e a  
shown i s   t h e   c o r e   w i d t h   t i m e s   t h e   s t a c k - u p   h e i g h t   o f   t h e   r e c u p e r a t o r .  I n  
the   p repara t i on  o f  a l  I t h e s e   c o r e s   t h e   a s p e c t   r a t   i o   o f   t h e   c o u n t e r f  l o w  co re  
face  was m a i n t a i n e d   a t   e s s e n t i a l l y  1.0. There fore ,   as   the   face   o f   the   core  
i s   e s s e n t i a l l y   s q u a r e   t h e   w i d t h   o r   s t a c k - u p   h e i g h t  o f  t h e   c o r e  i s  e s s e n t i a l l y  
t he   square   roo t   o f   t he   a rea  shown.  The abc issa   parameter   used  fo r   F igure   33  
i s   o v e r a l l   p r e s s u r e   d r o p  (AP/P).  T h i s   o v e r a l l   p r e s s u r e   d r o p   i s   t h e  sum o f  
t he  AP/P f o r  a1 1 man i fo lds ,   bo th   t r iangu lar   end  sec t ions   and  the   pure   coun-  
t e r f l o w   c o r e  f o r  bo th   t he   ho t   and   co ld   s ides .  
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I n   p r e p a r i n g   t h e   c u r v e s   f o r   F i g u r e  30 t h e   a n a l y s i s   u t i l i z e d  minimum 

(AP ’P)ove ra l l   r a the r   t han   m in im iz ing   t he   p ressu re   d rop   on   e i t he r   t he   ho t  o r  
c o l d   s i d e .   I n   o r d e r   t o   p r e s e n t   t h e   r a t i o   b e t w e e n   c o r e   p r e s s u r e   l o s s e s  and 
the   ove ra l l   r ecupera to r   l osses   t he   cu rves  o f  F i g u r e  31 were  prepared. I n  
a l l  cases it was found  tha t   the   p ressure   d rop   ra t ios   a re   a lmost   independent  
o f   e f f e c t i v e n e s s .  The curves   o f   F igure  31 are   accu ra te  t o  w i t h i n   f o u r   p e r -  
cen t   ove r   t he   range   o f   e f fec t i veness   and   p ressu re   d rop   cove red   i n   t he  de- 
t a i l e d   p a r a m e t r i c   s t u d y .   D e t a i l e d   i n f o r m a t i o n   o n   t h e   p r e s s u r e   d r o p   f o r   a n y  
o f  t h e   r e c u p e r a t o r   s o l u t i o n s  shown i n   F i g u r e  30 may be   ob ta ined   by   consu l t i ng  
F igu re  31.i T h i s   d e t a i l e d   p r e s s u r e   d r o p   i n f o r m a t i o n   i n c l u d e s :  

I .  To ta l   ho t   s ide   p ressu re   d rop  

2.  Tota l   core   p ressure   d rops  

3. Hot  and c o l d   s i d e   c o r e   p r e s s u r e   d r o p s  

4 .  Hot, cold,  and t o t a l   m a n i f o l d   l o s s e s  

By means o f   s i m p l e   a r i t h m e t i c ,   t h e   h o t  and co ld   p ressure   d rops   in   each 
o f   t he   t h ree   ma in   recupera to r   a reas   ( co re ,   t r i angu la r  ends,  and man i fo lds )  
may be  determined.  Figure 31 c l e a r l y   i n d i c a t e s   t h a t  where  minimum (AP/P)total 

i s   m a i n t a i n e d   t h e   r a t i o   o f   t h e   c o r e   t o   t h e   o v e r a l l   p r e s s u r e   d r o p   v a r i e s   c o n -  
s i d e r a b l y   w i t h   t h e   a c t u a l   o v e r a l l   p r e s s u r e   d r o p  used. 

The above   desc r ibed   pa ramet r i c   s tudy   p rov ided   t he   p re l im ina ry   se lec t i on  
o f   t h e   f i n a l   d e s i g n .   I n   p r e p a r i n g   t h e   p a r a m e t r i c   c u r v e s   o f   F i g u r e s  30 and 
31 d e s i g n s   o f   t r i a n g u l a r  end sect ions  were  formulated.  I n   t h e  above r e f e r -  
enced  weight o f  330 l b   t h e   t r i a n g u l a r   s e c t j o n s  used  were 7 i n .   h igh ,   g i v ing  
a to ta l   hea t   exchanger   l eng th   o f   app rox ima te l y  21 i n .   U s i n g   t h i s   p r e l i m i n a r y  
c o n f i g u r a t i o n  as t h e   s t a r t i n g   p o i n t ,   i n v e s t i g a t i o n s   w e r e   c o n d u c t e d   i n t o  some 
o f   t h e   d e t a i l e d   d e s i g n   e f f e c t s .  These de ta i l ed   des ign   e f fec ts   i nc luded ;  
manufac tur ing  and s t r u c t u r a l   c o n s i d e r a t i o n s ,   d e t a i l e d   a n a l y s i s   o f   a x i a l   c o n -  
duc t i on  and t h e   d e t a i l e d   a n a l y s i s   o f   t h e   e f f e c t   o f   n o n u n i f o r m   f l o w   d i s t r i -  
bu t i on   t h roughou t   en t i re   recupera to r .  Each o f   t hese   a reas  o f  i n v e s t i g a t i o n  
a r e   d i s c u s s e d   i n   c o n s i d e r a b l e   d e t a i l   i n   t h e   f o l l o w i n g   s e c t i o n s   o f   t h i s  
repo r t .  The d i s c u s s i o n   o f   t h e s e   a r e a s   o f   i n v e s t i g a t i o n   a l s o   s e r v e s   t o  
p r e s e n t   t h e   c h r o n o l o g i c a l   d e v e l o p m e n t   f r o m   t h i s   p r e l i m i n a r y   c o n f i g u r a t i o n  
t o   t h e   f i n a l   c o n f i g u r a t i o n   w h i c h  was fab r i ca ted .  
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SECTION I 

TRIANGULAR END SECTION DESIGN 

With t h e   s e l e c t i o n   o f  a p u r e   c o u n t e r f l o w   p l a t e   f i n   h e a t   e x c h a n g e r   f o r  
t h i s   r e c u p e r a t o r   a p p l i c a t i o n ,   p a r t i c u l a r   a t t e n t i o n   m u s t  be p a i d  to the  methods 
of i n t roduc ing   and   remov ing   bo th   f l u id   s t reams  from the  heat  exchanger  core.  
The d e s i g n   c o n s t r a i n t  i n  a p u r e   c o u n t e r f l o w   c o n f i g u r a t i o n   i s   t h a t   b o t h   f l u i d s  
must  enter  and  leave  the same face  o f   the  heat   exchanger   and  consequent ly  
some means o f  d i v i d i n g   t h i s   f a c e  between t h e  two f l u i d s  must  be  employed. 
The s i m p l e s t   a n d   m o s t   d i r e c t   m e t h o d   i s   o b t a i n e d   w i t h   t h e   a d d i t i o n  o f  e i t h e r  
rec tangu la r  o r  t r i a n g u l a r  end  sect ions.  Both these   end   sec t i on   con f igu ra t i ons  
t o g e t h e r   w i t h   t h e i r   a p p r o p r i a t e  f low p a t h s   a r e  i 1 l u s t r a t e d   i n   F i g u r e  32. 
Where the   ava i l ab le   p ressu re   d rop  os  low, p a r t i c u l a r l y  i f  i t  i s  low  on  both 
s ides ,   t r iangu lar   end  sec t ions   a re   per fe r red .   Shou ld   the   opera t ing   con-  
d i t i o n s   r e q u i r e d   r e s u l t   i n  a h igh   ava i l ab le   p ressu re   d rop   on   one   s ide   and  a 
low  ava i lab le   p ressure   d rop  on t h e   o t h e r   s i d e   t h e n   t h e   r e c t a n g u l a r   c o n f i g u r a -  
t i o n   i s   p r e f e r r e d .   F o r   b o t h   d e s i g n   c o n c e p t s ,   t h e  ends a r e   f a b r i c a t e d   a s   a n  
i n t e g r a l   p a r t   o f   t h e   h e a t   t r a n s f e r   m a t r i x .  The p la tes  used  throughout   the 
heat   exchanger   cover   the   en t i re   f low  passage  a reas ,   bu t   the   f ins   used  in   the  
end sect ions  need  not  have  the same c o n f i g u r a t i o n   a s   t h e   f i n s   i n   t h e   c o u n t e r -  
f low  core.   Only  the f i n   h e i g h t  must  be  maintained  throughout. 

I n  most   cases  where  pure  counter f low  heat   exchangers  are  u t i l ized  the 
e f f e c t i v e n e s s   i s   h i g h  and consequent ly   the  temperature  d i f ferences  between 
t h e   f l u i d   s t r e a m s   i n   t h e  end sec t i ons   a re   sma l l .  Where t h i s  i s  the  case, 
o n l y  a very  smal l  amount o f   h e a t   t r a n s f e r  will be  added t o   t h e   o v e r a l l   h e a t  
exchanger   by   t he   add i t i on   o f   t he  end sec t i ons .  However, t he  end sec t i ons  
will c o n t r i b u t e   p a r a s i t i c   p r e s s u r e   l o s s e s   t o   t h e   o v e r a l l   d e s i g n .   I n   o r d e r  
to   de termine   an   op t imum  heat   exchanqer   wh ich   u t i l i zes  end sections,  trade- 
o f f s  must  be  condbcted  between  addif ional  heat  exchanger we 
p a r a s i t i c   p r e s s u r e   l o s s e s .  A s  t h e r e   a r e  a number o f   v a r i a b  
f l uence   bo th   t he   we igh t  and p ressu re   l osses   o f   t he  end sec t  
end sec t i on   he igh t ,  number o f   f i n s   p e r   i n .  and t h e   r a t i o   o f  
area t o   t h e   o t h e r )  many so lu t ions   must   be   de termined  to   ach  
design. I n   o r d e r   t o   f a c i l i t a t e   t h i s   o p t i m i z a t i o n   p r o c e d u r e  
wro te  a computer  program t o   d e t e r m i n e  end sec t i on   p ressu re  
computer  program i s  descr ibed  in   Append ix  D. 
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es  which  in- 
ons ( i n c l u d i n g  
one f l u i d   f a c e  
eve t h e   o p t  imum 
AiResearch 
osses.  This 

TRIANGULAR END SECTION  SELECTION 

F i r s t  use was  made o f   t h e  computer  program  descr ibed  in  Appendix D t o  
de termine  the   most   su i tab le   t r iangu lar   end  d imens ions   fo r   use  w i t h  the   p re-  
l im inary   se lec ted   heat   exchanger   core   d iscussed  in   Sec t ion  3. The f i n s  used 
i n   t h e   t r i a n g u l a r  ends a r e   r e q u i r e d   o n l y   t o   m a t c h   t h e   h e i g h t   o f   t h e   a p p r o -  
p r i a t e  passage. The f e w e r   t h e   f i n s  used, t h e   h i g h e r   t h e   h y d r a u l   i c   r a d i u s   a n d  
t h e   l o w e r   t h e   p r e s s u r e   d r o p .   I n   t h e   p r e l i m i n a r y   i n v e s t i g a t i o n s   f o r  end 
sec t i ons  for  t h i s  core, the  range i n  f i n s   i n v e s t i g a t e d  was from 0 t o  IO f i n s  
per   in .  The r e s u l t s   o f   t h i s   p r e l i m i n a r y   i n v e s t i g a t i o n   a r e  shown i n   F i g u r e  33. 
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T h i s   f i g u r e  shows t h e   e f f e c t   o f   r e d u c i n g   t h e  number o f  f i ns   pe r   i n .   f r om 5 to 
0 a n d   a l s o   i l l u s t r a t e s   t h e   e f f e c t  o f  v a r y i n g   t r i a n g u l a r  end he igh t   and  vary -  
i ng   f ace   a rea   ra t i o   on   t he   p ressu re   d rop .  From t h i s   i n v e s t i g a t i o n   t h e   s e l e c -  
t i o n   f o r   t h e   t r i a n g u l a r  ends   on   the   p re l im inary   core  was  7 i n .   h e i g h t  w i th  a 
f a c e   a r e a   r a t i o  of approx imate ly   65   to   35   percent  (low p r e s s u r e   t o   h i g h   p r e s -  
sure) wi th  5 f i n s   p e r   i n .   i n   t h e   h i g h   p r e s s u r e   s i d e  end  sect ions  and  no  f ins  
a t   a l l   i n   t h e   l o w   p r e s s u r e   s i d e  end   sec t i ons .   Th i s   se lec t i on  was  made t o  have 
the  minimum p ressu re   l osses   compa t ib le   w i th   t he   apparen t   s t ruc tu ra l   requ i re -  
ments. A s  wi th  the   p re l im ina ry   se lec t i on   pu re   coun te r f l ow   hea t   exchanger   co re ,  
t h i s   s e l e c t i o n  was s u b j e c t  to rev iew wi th  c o n t i n u i n g   d e t a i l e d   d e s i g n   i n v e s t i -  
g a t i o n s .   P a r t i c u l a r   a t t e n t i o n  had t o  be  given to the   manufac tur ing   and 
s t r u c t , ~ r a l   p r o b l e m s   i n v o l v e d   i n   t h e   u s e   o f   t h e   v e r y   l o w   f i n   d e n s i t i e s .  

C o n t i n u i n g   s t u d i e s   i n t o   t h e   m a n u f a c t u r i n g ,   s t r u c t u r a l  and a x i a l  con- 
duc t i on   p rob lems   i n   t he   ma in   coun te r f l ow   sec t i on   o f   t he   hea t   exchanger  
r e s u l t e d   i n  a change i n   c o r e   c o n f i g u r a t i o n .  Due t o  these  var ious  cons ider-  
a t i o n s   t h e   o v e r a l l   w i d t h   o f   t h e   c o r e   i n c r e a s e d   t o  26.1  in .   whi le   the  length 
increased t o  7.89 i n .  and t h e  number o f   f i n  passages on each  s ide  increased 
t o  76. The p l a t e   m a t e r i a l   a l s o  changed f rom  Haste l loy  " C "  t o   s t a i n l e s s  
s t e e l  and the   t h i ckness   o f   t he   p la tes   i nc reased   f rom 0.005 t o  0.008 i n .   I n  
a d d i t i o n   t o   t h e s e  changes in   coun te r f l ow   co re   con f igu ra t i on ,   manu fac tu r ing  
s tud ies   conduc ted   i n   ano the r   p rog ram  i nd i ca ted   t ha t   t he  minimum acceptab le  
number o f   f i n s   i n   t h e   t r i a n g u l a r  end sec t i ons  was IO. A f u r the r   advan tage  
d e r i v e d   f r o m   t h i s   p a r a l l e l   s t u d y   p r o g r a m  was t h a t   f i n   d i e s  were  produced 
w h i c h   w e r e   s u i t a b l e   f o r   t h e   f a b r i c a t i o n   o f   p l a i n   r e c t a n g u l a r   f i n s  IO pe r   i n .  
i n   b o t h   t h e  0 .  178 i n .   h i g h  and 0. 153 i n .   h i g h   f i n s  used f o r   t h e   B r a y t o n  
cyc le   recupera to r .  

On t h e   b a s i s  of IO f i n s   p e r   i n .   i n   t h e   t r i a n g u l a r  end  sect ions  and a 
m o r e   p r e c i s e   d e f i n i t i o n   o f   t h e   c o u n t e r f l o w   c o r e   c o n f i g u r a t i o n  a reeva lua t i on  
o f   t he  end sec t ion   p ressure   d rops  was conducted  to   determine  the  opt imum 
s p l i t  between h igh   and  low  p ressure   s ide   face   a reas ,   and  a lso   to   de termine  
end d e s i g n s   t h a t   w o u l d   r e s u l t   i n   t h e   b e s t   f l o w   d i s t r i b u t i o n .  Optimum s p l i t  
between h igh   and  low  p ressure   s ide   face   a reas  may b e   d e f i n e d   a s   t h a t   s p l i t  
w h i c h   r e s u l t s   i n   t h e   l o w e s t   t o t a l   p r e s s u r e   p e n a l t y   t o   t h e   r e c u p e r a t o r .   I n  
o r d e r   t o   d e t e r m i n e   t h i s  optimum, a l a r g e  number o f  end sect ion  des igns  were 
prepared  and  the i r   p ressure   losses   eva lua ted .  The r e s u l t s  of t h i s   s t u d y   a r e  
shown i n   F i g u r e  34 where  the sum o f   t h e  end  pressure  losses i s  p l o t t e d   a g a i n s t  
t h e   r a t i o   o f   l o w   p r e s s u r e   s i d e   f a c e   a r e a   t o   t o t a l   a v a i l a b l e   f a c e   a r e a .   T h i s  
f i g u r e   c l e a r l y   i n d i c a t e s   t h a t   t h e  minimum pressure  loss o c c u r s   a t   t h e   r a t i o   o f  
0.75. T h i s   r a t i o  was, t h e r e f o r e ,   a d o p t e d   f o r   t h e   d e s i g n   o f   t h e  f l ow  d i s t r i -  
b u t i o n   t e s t   u n i t .  

Up t o   t h i s   p o i n t ,   a l l   t h e   p r e l i m i n a r y   d e s i g n s   t h a t   w e r e   c o n s i d e r e d  
u t i l i z e d   i d e n t i c a l  end sc?ctions. It was r e a l i z e d   t h a t   w h i l e   a l l   f l o w   p a t h s  
f o l l o w e d   b y   t h e   f l u i d s   i n   t h e s e   i d e n t i c a l  end sections,  were o f  equa l   leng th  
they   d id   no t   resu l t   i n   equa l   p ressu re   d rops   because   o f   dens i t y   d i f f e rences  
a t   t h e   i n l e t  and o u t l e t ,   t h i s   i s   i l l u s t r a t e d   i n   F i g u r e  35. These nonuniform 
pressure   d rops   g ive  a nonun i fo rm  f low  th rough  the   counter f low  core ,   tha t  has 
an  adverse  af fect   on  heat  exchanger  performance. To min im ize   t h i s   adve rse  
ef fect   on  heat   exchanger   per formance i t  i s   d e s i r a b l e   t o   b a l a n c e   t h e   p r e s s u r e  
l o s s e s   i n   t h e   i n l e t  end w i t h   t h e   p r e s s u r e   d r o p   i n   t h e   o u t l e t  end  thus  balancing 
f low l e n g t h  wi th  d e n s i t y   d i f f e r e n c e .  By v a r y i n g   t h e   e n d   s e c t i o n   h e i g h t   t h i s  
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PATH A TO D EQUAL I N  LENGTH TO PATH W TO Z. OWING  TO TEMPERATURE 
CWNCE OF  GAS DENSITY  AT  INLET END I S  NOT  EQUAL TO DENSITY  AT 
OUTLET END. THEREFORE,  ALTHOUGH LENGTH  AB = LENGTH YZ 

"AB ' "YZ 

FOR UNIFORM FLOW: APAB = APyz 

THIS REQUIRES  WON-IDENTICAL ENDS. 

F l g u r e  35. E f f e c t  on F l a *  D i s t r i b u t i o n  of  I d e n t i c a l  
T r  I angu 1 a r End   Sec t  I o n s  
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balance may be  achieved. The end sect ion  computer  program was, there fore ,  
used to i n v e s t i g a t e  a l a r g e  number o f  end sec t ion   .des igns   to   de termine   the  
m o s t   s u i t a b l e   h e i g h t .   R e s u l t s   o f   t h i s   i n v e s t i g a t i o n   a r e  shown i n   F i g u r e  36 
w h e r e   t h e   f o u r   i n d i v i d u a l   p r e s s u r e   l o s s e s   a r e   p l o t t e d   a g a i n s t   t r i a n g u l a r  end 
he igh t .  Based on   t h i s   s tudy ,  a h e i g h t   o f  7 in.  was s e l e c t e d   f o r   t h e  hot end 
of   the  heat  exchanger  and a h e i g h t  o f  2 . 2 5  i n .  was s e l e c t e d  fo r  t h e   c o l d  end. 
A per fec t   ba lance  o f  b o t h   s i d e s   i s   n o t   p o s s i b l e   b u t   t h e   h e i g h t s   s e l e c t e d  
prov ide   the   most   reasonab le  compromise. W i t h   t h e   s e l e c t i o n  o f  these end 
sec t i on   he igh ts   an   i nc rease   i n   p ressu re   d rop   occu r red .  The h o t  end h e i g h t  of 
7 i n .   i s   i d e n t i c a l  to  t h a t   u s e d   i n   t h e   p r e l i m i n a r y   s e l e c t i o n  end  design. I n  
o rde r   t o   p rov ide   t he   requ i red   p ressu re   d rop   ba lance ,  i t  was, however,  neces- 
sary to cons iderab ly   reduce  the   he igh t   o f   the   co ld   end  t r iang le .   Th is   resu l ted  
i n  a c o n s i d e r a b l e   p r e s s u r e   d r o p   i n c r e a s e   i n   t h i s  end. Thus t h e   o v e r a l l   h e a t  
exchanger  pressure  drop  increased  f rom 2 . 0  p e r c e n t   t o  2 . 5 9  percent .  

F igu re   36  shows t h a t   t h e   s e l e c t i o n  o f  t h e  7 in.   and 2 . 2 5  i n .   he igh t  does 
n o t   r e s u l t   i n   t h e   b e s t   p o s s i b l e   p r e s s u r e   d r o p   b a l a n c e .  The b e s t   p o s s i b l e  
p r e s s u r e   d r o p   b a l a n c e   o c c u r s   a t   h e i g h t s   o f  4.0 in.  and 2 . 0  in .  However, t h i s  
r e s u l t s   i n   a n   o v e r a l l   p r e s s u r e   d r o p  o f  a p p r o x i m t e l y  2 . 8 4  percent.  The se lec ted  
7.0 and 2 . 2 5  in .   he ights   gave  good  pressure  drop  ba lance  on  the  co ld   s ide  and 
approx imate ly  30 percent  imbalance  on  the  low  pressure  s ide.  It was b e l i e v e d  
t h a t  t h i s  1m amount o f  imbalance in   p ressu re   d rop   wou ld   no t   se r ious l y  com- 
p romise   t he   hea t   t rans fe r   pe r fo rmance   o f   t he   recupera to r  and, t h e r e f o r e ,   t h i s  
was s e l e c t e d   a s   t h e   s o l u t i o n   t h a t   b e s t   s a t i s f i e s   b o t h   t h e   h e a t   t r a n s f e r   a n d  
pressure  drop  requi rements.  

The above  discussed  recuperator  design was used t o   f a b r i c a t e   t h e   f l o w  
d i s t r i b u t i o n   t e s t   u n i t .  The r e s u l t s   o f   t h i s   f l o w   d i s t r i b u t i o n   t e s t i n g   a r e  
d i scussed   i n   Sec t i on  6 w h i l e   t h e   e f f e c t s   o f   t h i s   t e s t i n g   o n   o v e r a l l   h e a t  
exchanger   con f i gu ra t i on   a re   d i scussed   i n   Sec t i on  8. 

TRIANGUlAR END SECTION,  HEAT  TRANSFER ANALYSIS 

Throughou t   t he   p re l im ina ry   des ign   ana lys i s   o f   t he   recupera to r   no   a l l ow-  
ance was  made f o r   t h e   h e a t   t r a n s f e r   t h a t   o c c u r s   i n   t h e   t r i a n g u l a r  end 
sec t i ons .   A l though   the  f lw i n   t h e s e   a r e a s   i s   c r o s s   f l o w  and is ,   therefore,  
l e s s   e f f i c i e n t   t h a n   t h e   m a i n  body of   the  heat   exchanger  some h e a t   t r a n s f e r  
will occu r   i n   t hese   sec t i ons .  It was assumed t h a t   t h i s   h e a t   t r a n s f e r   w o u l d  
compensate f o r  any loss in   per formance due t o   n o n u n i f o r m   f l o w   d i s t r i b u t i o n .  

An a n a l y s i s  was conducted t o   d e t e r m i n e   t h i s   h e a t   t r a n s f e r ,   w h i c h   a l s o  
gave t h e   t e m p e r a t u r e   d i s t r i b u t i o n   o f   b o t h   e x i t i n g   f l u i d   s t r e a m s .  The re- 
s u l t s   o f   t h i s   a n a l y s i s   i n d i c a t e   t h e   o v e r a l l   h e a t   t r a n s f e r   c o n d u c t a n c e  (UA) 
o f   the   comple te   heat   exchanger   i s   approx imate ly  15 percen t   g rea te r   t han  
t h a t   o f   t h e   p u r e   c o u n t e r f l o w   s e c t i o n   a l o n e .   F i g u r e  37 shows t h e  gas o u t l e t  
t e m p e r a t u r e   d i s t r i b u t i o n   o b t a i n e d   f r o m   t h i s   a n a l y s i s .  The inc rease   i n   hea t  
t ransfer   per formance and t h e  gas o u t l e t   t e m p e r a t u r e   d i s t r i b u t i o n  shown i n  
F igure  37  were  obta ined  assuming  that   the  f low  throughout   the  heat   exchanger  
i s   u n i f o r m .  
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The method  o f   analys is   used  to   determine  these  out le t   temperature  d is-  
t r i b u t i o n s  was t o   d i v i d e   t h e   h e a t   e x c h a n g e r   i n t o   f i v e  f lw w i d t h   s e c t i o n s  
as i l l u s t r a t e d   i n   F i g u r e  37. C o n s i d e r a t i o n   i s   f i r s t   g i v e n   t o  f \ W  Sect ion I 
where   the   dev ia t ion  from the  pure   counter f low  per fo rmance  i s   on ly   a f fec ted   by  
a s i n g l e  small t r i a n g u l a r   s e c t i o n   a t   e i t h e r  end. The e f f e c t   o f   t h e   s m a l l  
t r i a n g u l a r  end s e c t i o n  i s  de termined  by   an   i te ra t i ve   p rocedure  and the  
ou t l e t   t empera tu res  from these   sma l l   t r i angu la r   sec t i ons   t hen   p rov ide   i npu t  
f o r   t h e   f i r s t   i n c r e m e n t   i n   t h e  flow s e c t i o n  2 f l ow   pa th .  The same i t e r a t i v e  
procedure i s  t h e n   u t i  1 i z e d   f o r   f l o w   p a t h  2 u n t i  1 a1 1 temperatures  through- 
ou t   t h i s   pa th   a re   de te rm ined .   Th i s   p rocedure   i s   t hen   f o l l owed   success i ve l y  
through flow sec t ions  3, 4, and 5 u n t i l   t h e   c o m p l e t e   t e m p e r a t u r e   d i s t r i b u t i o n  
has  been ca lcu la ted .   Throughout   these  ca lcu la t ions   each  o f   the   smal l  tr i- 
angu lar   sec t ions  shown i n   F i g u r e  37 a r e   t r e a t e d  as s m a l l   i n d i v i d u a l   c r o s s f l o w  
heat  exchangers. 
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SECTION 8 

AXIAL CONDUCTION TESTING 

IMPORTANCE  OF AXIAL CONDUCTION 

I n  any h igh   e f fec t i veness   pu re   coun te r f l ow   hea t   exchanger ,   t he   e f fec t  
o f   a x i a l   c o n d u c t i o n  can r e s u l t   i n   a p p r e c i a b l e   w e i g h t   p e n a l t i e s .   I n   o r d e r  
t o   a p p r e c i a t e   t h i s   e f f e c t ,   c o n s i d e r a t i o n   s h o u l d   b e   g i v e n   t o   r e l a t i o n s h i p  
between  e f fect iveness and ove ra l l   hea t   t rans fe r   conduc tance .  A convenient 
method o f   e v a l u a t i n g   t h i s   r e l a t i o n s h i p  i s  shown i n   F i g u r e  38, which shows 
a curve,ef fect iveness  versus NTU, f o r   c o u n t e r f   l o w  and c a p a c i t y   r a t e   r a t   i o  
o f  1.0. The d e f i n i t i o n   o f  NTU i s  g iven   on   F igure  38; and i t  i s  impor tant  
t o   r e a l i z e   t h a t   t h i s   p a r a m e t e r  i s  a  thermodynamic  measure of   heat  exchanger 
s i ze .  From F igu re  38, i t  can  be  seen  that  as  effect iveness  increases  above 
0.8, t he   i nc rease   i n  NTU i s  rap id.   Therefore,  i f  a x i a l   c o n d u c t i o n   r e s u l t s  
i n  even  a r e l a t i v e l y   s m a l l  change i n   e f f e c t i v e n e s s ,   t h e  change  on  heat  ex- 
changer   s ize i s  much g rea te r .  

Appendix A o f   t h i s   r e p o r t   p r e s e n t s   a n   a n a l y t i c a l  method  o f   a l low ing  
f o r   t h e   e f f e c t   o f   a x i a l   c o n d u c t i o n   i n   p u r e   c o u n t e r f l o w   h e a t   e x c h a n g e r s .   I n  
o r d e r   t o   f u r t h e r   i l l u s t r a t e   t h e   i m p o r t a n c e   o f   t h i s   a x i a l   c o n d u c t i o n   e f f e c t  
Table I was prepared.   Th is   tab le  shows how heat  exchanger  ef fect iveness i s  
i n f l uenced   by   t he   t o ta l   ax ia l   conduc t ion   pa ramete r  1, 

where h KA 

'min 

The va lues shown i n   T a b l e  I a p p l y  @ conductance  and  heat   capaci ty   ra t ios 
o f  I o n l y   a n d   a n   i n f i n i t e   m e t a l   t o   f l u i d   c a p a c i t y   r a t i o .   C o n d u c t a n c e   r a t i o  
i s  t h e   r a t i o   o f   t h e   h o t   s i d e  and c o l d   s i d e  'll hA's ( f i n   e f f e c t i v e n e s s  x heat 

t r a n s f e r   c o e f f i c i e n t ,  x h e a t   t r a n s f e r   a r e a )   w h i l e   c a p a c i t a n c e   r a t i o  i s  t he  
r a t i o   o f   t h e   h o t   a n d   c o l d  WCp (mass f l o w  x spec i f i c   hea t ) .   Fo r   t he   recupera to r  
t he   capac i tance   ra t i o  i s  I and  the  conductance  ra t io  i s  ve ry   c lose  to I .  
T y p i c a l l y   f o r  a v a l u e   o f  0.02 a t  a heat   exchanger   e f fect iveness  o f  90 percent  
( n o t   c o n s i d e r i n g   a x i a l   c o n d u c t i o n )   t h e   c o n d u c t i o n   e f f e c t  ( A E / E )  i s  1.68. Th is  
reduces  the  e f fect iveness  f rom 0.9 t o  0.885 and f rom  F igure  38, t he   co r res -  
pond ing   reduc t i on   i n  NTU i s  from 9 t o  7.7. Th i s   i n   t u rn   wou ld   i nc rease   t he  
heat  exchanger  size by approx imate ly  14.4 percent.  

0 

From t h i s  example i t  i s  apparen t   t ha t   cons ide ra t i on  must  be g i v e n   t o  
t h e   e f f e c t   o f   a x i a l   c o n d u c t i o n  and that  every  endeavor  must be made t o  
reduce  the  e f fect .  v,'it!l t h e   s e l e c t i o n   o f  a p u r e   c o u n t e r f l o w   p l a t e   f i n  
hea t   exchanger   f o r   t h i s   c lpp l i ca t i on   t he   ma in   p rob lem  to   be   reso lved   i n   t he  
a r e a   o f   a x i a l   c o n d u c t i o n  i s  a r e a l i s t i c   v a l u e   f o r   t h e   a x i a l   c o n d u c t i o n  
parameter, 1. 

The b a s i c   p r o b l e m   a s s o c i a t e d   w i t h   e s t i m a t i n g   t h i s   a x i a l   c o n d u c t i o n  
parameter i s  o b t a i n i n g   t h e   p r o p e r   v a l u e   o f  KA (where K i s  the  thermal  
c o n d u c t i v i t y   o f   t h e   o v e r a l l   m a t r i x  and A i s  t h e   t r u e   c o n d u c t i v i t y   c r o s s  
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,XIAL  CONDUCTIOl 
PARAMETER (1) 

NTU 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 
9.0""- 

10.0 

12.0 

14.0 

16.0 

18.0 

20.0 

40.0 

60.0 

80.0 

100.0 

200.0 

TABLE I 

E F F E C T   O F  AXIAL C O N D U C T I O N  ON PERFORMANCE 

0.0 

EFFECTIVENESS  (E)  
'NO  AXIAL CONDUCTION: 

PERCENT 

50.00 

66.67 

75.00 

80.00 

83.33 

85.71 

87.50 

88.89 
90 00 

90.91 

92.31 

93.33 

94.12 

94.74 

95.24 

97.56 

98.36 

98.77 

99.01 

99.50 

0.01 0.32 0.16 0.18 0.04 0.02-3 
I 
I 

CONDUCTION  EFFECT  (AE/E),  PERCENT 

.45 

.62 

.70 

.75 

.79 

.81 

.83 

.85 

- -. 86 
.87 

.89 

.90 

.9 I 

.91 

.92 

.95 

.96 

.96 

.91 

.97 

I 
.86 

2.57 1.36 I 
2.23 1.19 

1.56 

1.46 2.78 

1.53 I 2.92 

1.58 I 3.03 

1.62 I 3.11 
I 

1.65 I 3.  17 
r " - ~  I 
.!L_6_8j .! 3.22 

I .70 3.26 

I .73  3.32 

I .76  3.37 

1.77 3.41 

1.79  3.44 

I .80 3.46 

1.86 3.58 

1.88 3.62 

I .89 3.64 

1.90 

3.68 1.91 

3.65 

2.78 

12.06 6.85 

11.96 6.80 

11.92 6.78 

11.85 6.74 

11.72 6.46 

11.34 6.44 

11.26 6.40 

11.16 6.34 

11.03 6.27 

10.87 6.18 

10.64 6. I5 

10.50 5.97 

10.32 5.48 

10.10 5.76 

9.83 5.40 

9.46 5.40 

8.94 5.12 

8.18 4.72 

6.94  4.15 

4.56 

AMPLE:AT  NTU = 9.0 AND  NO A X I A L  CONDUCTION  EFFECTIVENESS  (E = 90.0) 
FOR AN  AXIAL CONDUCTION PARAMETER (1) = 0.02, AE/E = 1.68 

EAXIAL CONDUCTION = 90.0 - (1.68 X 90/100) E 88.49 

6.79 

IO.  92 

13.07 

14.37 

15.24 

15.85 

16.31 

16.67 

16.95 

17.19 

17.55 

17.81 

18.01 

18.17 

18.30 

18.89 

19.09 

19.20 

19.26 

19.39 

A- I14M 
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s e c t i o n a l   a r e a ) .   T h i s   p a r a m e t e r   i s   d i f f i c u l t   t o   o b t a i n  fo r  a p l a t e   f i n  
m a t r i x  as,where o f f s e t   f i n s   a r e  used t h e   t r u e   m e t a l   c o n d u c t i o n   a r e a   i s  
not  easy t o  d e f i n e ;  and a l s o   a s   t h e   f i n - p l a t e - b r a z e   m a t e r i a l   c r o s s   s e c t i o n   a r e a  
i s  unknown. A f u r t h e r   f a c t o r   i n f l u e n c i n g   t h e   d e t e r m i n a t i o n   o f   t h i s   t h e r m a l  
c o n d u c t i v i t y   p a r a m e t e r   i s   t h e   e f f e c t   o n   t h e   b a s i c   m a t e r i a l s   o f   t h e   b r a z i n g  
o p e r a t i o n .  Changes i n   t h e r m a l   c o n d u c t i v i t y  may be   caused  by   the   d i f fus ion   o f  
t h e   b r a z e   a l l o y   i n t o   t h e   p a r e n t   m a t e r i a l s .   T h e r e f o r e ,   t h e   t y p e  and th ickness  
o f   t h e   b r a z e   a l l o y  used,  and t h e   t i m e  and  temperature o f  t h e   b r a z e   c y c l e  may 
i n f l u e n c e   t h e  KA parameter.  

I n   o r d e r   t o   d e t e r m i n e  a r e a l i s t i c   e v a l u a t i o n   o f   t h e   e f f e c t   o f   a x i a l   c o n -  
duc t i on   on   t he   se lec ted   hea t  exchanger  design, a tes t   p rogram was conducted t o  
d e t e r m i n e   t h i s  KA parameter.  D e t a i l s   o f   t h i s   t e s t   p r o g r a m   a r e   g i v e n   b e l o w .  

TEST PROGRAM 

The i n t e n t i o n  of t h i s  program was t o   d e t e r m i n e   t h e  KA product  from 
e l e c t r i c a l   r e s i s t a n c e  measurements.  Experiments  have  demonstrated  that 
e l e c t r i c a l  and t h e r m a l   c o n d u c t i v i t i e s   a r e   r e l a t e d   b y   t h e   f o l l o w i n g   e m p i r i c a l  
equat ion:  

The work  of  Smith  and  Palmer  (Reference 2 )  Was done Wi th  copper   a l loys,  
ranging  f rom  pure  copper  t o  l i t t l e  over 50 percent  copper.  The K - UT p l o t  
was 1 i n e a r   t o  UT va lues   o f   approx imate ly  9 x 10” OK/ohm cm and a l l  experimen- 
t a l   v a l u e s   f e l l   w i t h i n  IO p e r c e n t   o f   t h e   l i n e  shown i n   F i g u r e  39. Subsequent 
t o   t h e  work o f   Smi th  and  Palmer, t he   cons tan ts  A and B have  been  determined 
f o r  aluminum b e r y l 1  ium, iron, magnesium, n i c k e l ,  and t i t a n i u m   b a s e   a l l o y s  
(References 3 through I O  r e s p e c t i v e l y ) .  A c o m p i l a t i o n  o f  these  constants  i s  
i nc luded  in   Reference IO. 

S ince   the   bas ic   p rob lem i s  t o   d e t e r m i n e   t h e  KA p a r a m e t e r   o f   t h e   p l a t e  
f i n   m a t r i x ,   t h r e e  specimens  were made f r o m   m a t e r i a l s   c o n s i d e r e d   f o r   t h e   p r o -  
gram. F i g u r e  40 shows an i s o m e t r i c   s k e t c h   o f   t h e   t e s t  specimen, a schematic 
o f   t h e   t e s t   s e t u p  for measur ing  the  spec imen  e lect r ica l   res is tance,   and  an 
i s o m e t r i c   o f   r e c t a n g u l a r   o f f s e t   f i n s .  

Tab le  2 l i s t s   t h e   e q u a t i o n s   f o r   e s t i m a t i n g   t h e r m a l   c o n d u c t i v i t y   f o r  
n i c k e l  and i r o n   b a s e   a l l o y s .  

Equat ion (6) shows t h a t   t h e   c a l c u l a t e d  KA va lue   shou ld  be m u l t i p l i e d   b y  
t h e   r a t i o   o f   c a l c u l a t e d   t o   t h e   e x p e r i m e n t a l   r e s i s t a n c e s .   A g a i n  i t  i s   p o i n t e d  
o u t   t h a t   t h e   e x p r e s s i o n   i s  an approx imat ion   on ly .  

I n   o r d e r   t o   c a l c u l a t e   t h e  KA parameter ,   the   c ross   sec t iona l   a rea   o f   the  
p l a t e  and b r a z e   a l l o y ,   t h e   c o n d u c t a n c e   p a t h   f o r   f l o w  down t h e   f i n s ,  and t h e  
t h e r m a l   c o n d u c t i v i t i e s  of  t h e   m a t e r i a l s  must  be  obtained.  Conduction  through 
header  bars and s i d e   p l a t e  must a l s o  be  evaluated. Each KA v a l u e  is  ca lcu-  
l a t e d ,   t h e   t o t a l  KA parameter   for   the  heat   exchanger   is   the sum. 
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Figure 39. E l e c t r i c a l - T h e r m a l   C o n d u c t i v i t y   D a t a  
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Figure 40. Test  S p e c i m e n  f o r  A x i a l   C o n d u c t i o n  Test 
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TABLE 2 

EQUATIONS FOR ESTIMATING THERMAL  CONDUCTIVITY FOR NICKEL AND IRON BASE ALLOYS 

Equat ions for convers ion of e l e c t r i c a l   t o   t h e r m a l   c o n d u c t i v i t y  

A 1 l o y  System  Thermal  Conductivi ty 

I r o n  (347 s t a i n l e s s   s t e e l )  K = 2 7  X IO" TU + 2.84 

Nicke l   (Has te l   l oy  C )  K = 33 X IO-' TU + 1.25 

E l e c t r i c a l   r e s i s t a n c e  and c o n d u c t i v i t y   a r e   r e l a t e d  by  Equation ( 2 ) :  

R = -  L 
UA 

By s u b s t i t u t i n g   E q u a t i o n  (2) i n t o   E q u a t i o n  ( I ) ,  t h e   r e l a t i o n s h i p  between 
e l e c t r i c a l   r e s i s t a n c e  and   t he rma l   conduc t i v i t y   resu l t s :  

The la t t i ce   conduc t   i on   cons tan t  (B) in   Equat ion  (3) i s   app rox ima te l y  20 
t o  30 p e r c e n t   o f   t h e   t h e r m a l   c o n d u c t i v i t y .  A s  a f i r s t   o r d e r   a p p r o x i m a t i o n  
t h i s   t e r m  may b e   n e g l e c t e d   r e s u l t i n g   i n   t h e   f o l l o w i n g   e x p r e s s i o n :  

I K - -  RA 

or 

By c a l c u l a t i n g  and   measur ing   e lec t r i ca l   res i s tance ,   t he   f o l l ow ing   exp res -  
s i o n  may be wr i t t en   equa t ing   exper imen ta l  and ca l cu la ted   res i s tances  and KA 
pa ramet e r  s: 

R 
c a l c u l a t e d  

Rexper  irnenta 1 KAexper  ;mental 
- - 

K A c a l c u l a t e d  
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Tube P l a t e  KA Parameter: 

(No. of Plates)(thickness)(width)(thermal c o n d u c t i v i t y )  = K4 
P 

Braze AI l o y  KA Parameter: 

(No. o f   P l a t e s - I )  2 (AI l o y  thickness)(width)(thermal c o n d u c t i v i t y )  = KA b 
F i n  KA Parameter: 

2 (No. of  f i n   p a s s a g e s ) ( f i n   t h i c k n e s s / 4 ) ( p a s s a g e   w i d t h )  
( t h e r m a l   c o n d u c t i v i t y )  = KA f 

KA Value of header   bar   and  s ide  p la tes = KASh 

T o t a l  KA = C KA's 

Discuss ion  

T h r e e   p l a t e - f i n  samples  were  prepared f o r   a x i a l   c o n d u c t i o n   a n a l y s i s .  
(Samples 2, 4 and 5 ) .  The r e s u l t s   f r o m  samples  prepared  for   another  program 
have   a l so  been  included. Samples  were  between 13 and 17 i n .  long, 1.5 in .   w ide 
and approx imate ly  I i n .   h igh .   Tab le  3 i s  a d e s c r i p t i o n  of  t h e  samples w h i l e  
F i g u r e  41 shows a photograph  of  one  sample. 

L i s t e d   i n   T a b l e  4 a r e   t h e  measured res i s tance   va lues  o f  t h e  samples, t h e  
res i s tance   pe r   f oo t ,   t he   ca l cu la ted   samp le   res i s tance   pe r   f oo t  and t h e   r a t i o  
o f  e x p e r i m e n t a l   t o   c a l c u l a t e d   v a l u e s .  

Ca lcu la ted   res i s tance   va lues   were   based   on   e lec t r i ca l  measurements made on 
s t a i n l e s s   s t e e l  and H a s t e l l o y  C samples. 

Based  on the   exper ience  A iResearch   has   ga ined  in   b raz ing   s ta in less   s tee l  
heat  exchanger  cores, 0.006 i n .   t h i c k   s t a i n l e s s   s t e e l   t u b e   s h e e t s   a r e   t h e   m i n i -  
mum th i ckness   t ha t  will p r o v i d e  a h i g h l y   r e l i a b l e   l e a k   t i g h t   b r a z e   j o i n t .  
Because H a s t e l l o y  C i s  somewhat more r e s i s t i v e   t o   b r a z e   a l l o y   p e n e t r a t i o n ,  a 
t h i c k n e s s   o f   o n l y  0.005 i n .   p r o v i d e s   t h e  same r e l i a b i l i t y .  To show t h e   e f f e c t s  
o f   b r a z e   p e n e t r a t i o n  and o b t a i n   r e s i s t i v i t i e s  of t h e   v a l u e   o f   t h e   m e t a l s ,  sane 
I - i n .   w i d e   s t r i p s   o f  0.005 i n .   H a s t e l l o y  C sheet  and 0.006 i n .   t ype  347 s t a i n -  
less  steel   sheet  were  brazed  and  photomicrographs  were made. 

The   me ta l   s t r i ps   were   ro l l e r   coa ted  on b o t h   s i d e s   w i t h  Coast  Metals No. 53 
n i c k e l  b a s e   b r a z i n g   a l l o y  (AMS 4778) .  The  approximate  th ickness of t he   b raze  
a l l o y   c o a t i n g  was 0.001 i n .  The  coated  and  uncoated s t r i p s  were  heated i n  
vacuum t o  1965OF, h e l d  20 minutes  a t   temperature,   and  furnace  cooled.   Th is   cyc le  
i s  t yp ica l   fo r   average  heat   exchanger   b raz ing .  
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TABLE 3 

SAMPLE DESCRIPTION 

Samp 1 e 
No. 

I 

2 

3 

4 

5 

Samp 1 e 
No. 

I 

2 (SS) 

3 

4 (HC) 

5 (SS) 

Y,, a , ,  

6 A 1  f 
7 A 1  p 
D i pped 

6 N i c k e l   f i n s :  16R - 0.153 - 1/7(0) - 0.004 
7 347 SS p l a t e s :  0.006 t h i c k  
Brazed w i t h   n i c r o b r a z e  

I I Haste1 l o y  C p l a t e s :  0.005 
5 H a s t e l l o y  C s p l i t t e r s :  0.002 

10 N i  f i n s :  40R - 0.025 - 0.050(0) - 0.001 
5 N i  f i n s :  20R - 0.050 - 0.050(0) - 0.002 

3 N i c k e l   f i n s :  12R - 0.178 - 0.178(0) - 0.004 
3 N i c k e l   f i n s :  16R - 0. I53 - 1/7(0) - 0.004 
7 H a s t e l l o y  C p l a t e s :  0.005 t h i c k  
Brazed w i th   n i c rob raze  

3 N i c k e l   f i n s :  12R - 0. I78 - 0. l78(0) - 0.004 
3 N icke l   f i ns :  16R - 0. I53 - 1/7(0) - 0.004 
7 347 SS p l a t e s :  0.006 t h i c k  
Brazed w i t h   n i c r o b r a z e  

Measured 
Resistance 

ohms 

0 -000 I9956 

0.0012732 

0 .OO I866 

0.00 I O  I968 

0 .OO I20652 

TABLE 4 

MEASURED RES ISTANCE  VALUES 

Width 
in .  

1.5 

I .5 

I 

I .5 

I .5 

Length 
in. 

17 5 / 8  

17 11/16 

I I 3/8 

12 3/16 

16 7/8 

Measured Calcu lated Rat i o  
Res i stance Res i stance (measured t o  
ohms/f t ohms/f t ca lcu la ted)  

0 .OOO I36 

0.000865  0.00146 0.592 J 
-I nicrobraze 

0.00 I97 0.003 I 3  0.629 e l e c t r o l e s s  
n i c k e l  

0.00092 8 0.00 I6 I 0.576 

0.000859 0.00 I46 0.589 
1 n i crobraze 
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52256 

Figure 41. A x i a l  Conduction  Test  Sample 
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Sect ions  f rom  the  coated and uncoated   s t r ips  were  examined m ic roscop ica l l y .  
Typ ica l   m ic ros t ruc tu res   a re  shown on  the  photomicrographs  on  Figures 42 and 43. 
B r a z e   a l l o y   p e n e t r a t i o n   o f   t h e  0.005 in .   Has te l   loy  C sheets was about 29 per -  
cent   through  the  sheet   (see  F igure 4 2 ) .  F igu re  45 shows c o m p l e t e   a l l o y i n g   o f  
t h e   b r a z e   a l l o y  and t h e  0.006 in .   s ta in less   s tee l   f o r   abou t  IO percen t   o f   t he  
sheet   wi th  a f u r t h e r   b r a z e   p e n e t r a t i o n   f o r  an a d d i t i o n a l  26 percent   o f   the   sheet .  
Consequently, t h e   t o t a l   b r a z e   a l l o y   p e n e t r a t i o n  i s  more severe  on  the  s ta in less 
steel   sheets.  

I f  both  sheets were 0.005 in .   t h i ck ,   t hen   t he   t o ta l   b raze   a l l oy   pene t ra -  
t ion   f rom  bo th   s ides   wou ld  be  58  percent  through  the  Hastel loy C sheets and 82 
percent   through  the  type 347 stainless  steel   sheets.   Comparat ive bend t e s t s  
were  performed  on  the  braze  al loy  coated specimens and no s u b s t a n t i a l   d i f f e r -  
ence  between t h e   m a t e r i a l s  was observed. 

Table 5 l i s t s  the   res is tance  va lues  and phys ica l   d imensions  o f   the  above 
d iscussed  braze  coated  s t r ips.  

TABLE 5 
RESISTANCE  VALUES AND PHYSICAL DIMENSIONS OF BRAZE COATED STRIPS 

E l e c t r i c a l  

ohms in .   in .   in .  ohms in .  
Resistance  Length Th i ckness  Width R e s i s t i v i t y  

0.05425 14 3/32 0.0085 I 32.8 x 

0.07206 14 1/32 0.0077 I 39.5 x 10-6 

0.06474 14 7/32 0.0063 I 28.6 x 

0 .  I2083 14 3/32 0.0055 I 47. I x 

0.06329 14 1/32 0.0063 I 28.4 x 

0.09  750 15 0 .005 I .5 48.8 x 

Sample Desc r ip t i on  

I .  347 s t a i n l e s s   s t e e l   c o a t e d   w i t h  0.0011 in .   n icrobraze on  each s ide .  

2 .  Has te l l oy  C coated  wi th  0.001 I in .   n ic robraze on  each s ide.  

3 .  347 SS not  coated,  heated  in  braze  furnace. 

4 .  Has te l l oy  C nnt  coated,  heated  in  braze  furnace. 

5 .  347 SS not  coated,  not  heated. 

6 .  Haste l   loy  C not  coated, not  heated. 
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F-1519 
250X Hastelloy I C ' ,  Uncoatea 250X Hastel loy ' C ' ,  Braze AI loy Coated 

Figure 4 2 .  Braze Penetration o f  Hastelloy "C" 



250X Type 347 Stainless  Steel ,   Uncoated 250X Type 367 Sta in less   S tee l ,   Braze  Alloy Coated ' F-1520 

Figure 4 3 .  Braze  Penetration o f  Type 347 Stainless  Steel 



By comparing  samples I and 3, t h e   e f f e c t i v e   r e s i s t i v i t y   ( o r   r e s i s t a n c e )  
increases  by  about 15 percen t   w i th   t he   a l l oy ing .   Th i s  shows t h a t  when s t a i n -  
less  i s  brazed i t s  thermal   conduct iv i ty  i s  reduced somewhat by the   a l l oy ing .  
Comparing  samples 2 and 4, a d i f f e r e n t   t r e n d  appears t o   e x i s t   w i t h   H a s t e l l o y  C.  
By a d d i n g   a l l o y   t o   t h e   H a s t e l l o y  samples t h e   e f f e c t i v e   r e s i s t i v i t y  decreased 
i n d i c a t i n g   t h a t   t h e   a l l o y i n g   o f   H a s t e l l o y  C r e s u l t s   i n  an  increased  thermal 
conduc t i v i t y .   Has te l l oy  C i s  a b e t t e r   m a t e r i a l   f o r   u s e   f o r   m i n i m i z i n g   a x i a l  
conduct ion  but   the  d i f ference between Haste l loy  and 347 Sta in less   S tee l  i s  not  
l a rge  as previously  concluded. 

Calcu lated  res is tance  va lues  l is ted  in   Table 4 were  based  on t h e  measured 
r e s i s t i v i t y   v a l u e s   l i s t e d  above. A r e s i s t i v i t y   v a l u e   o f  13 was used f o r   t h e  
a l l o y e d   n i c k e l   f i n   b r a z e d   t o   t h e   t u b e   p l a t e   m a t e r i a l .  The assumed f i n  area 
for  conduct ion was t h a t   d i r e c t l y   b r a z e d  to the   tube  p la tes .   Th is  was a f i r s t  
order   assumpt ion.   Af ter   cons iderable  e f for t  was app l ied   to   the   sub jec t   p rob-  
lem of ax ia l   conduct ion ,   th is   assumpt ion   o f   f in   a rea  was questioned. An 
improper s e l e c t i o n   o f   f i n   a r e a  may be respons ib le   f o r   t he   d i f f e rence   i n   ca l cu -  
l a ted  and measured e l e c t r i c a l   r e s i s t a n c e s .  

INFLUENCE  OF AXIAL CONDUCTION ON HEAT EXCMNGER DESIGN 

Dur ing  the  parametr ic  study  (Sect ion 2 )  the  p late-f in  heat  exchangers 
used s ta in less  s t e e l  p l a t e s  and n i cke l   f i ns .  However, du r ing   t he   f i na l  
se lec t ion   s tud ies   (Sec t ion  3) the  p lates  considered were Haste l loy  C and  the 
f i n s  remained n i cke l .  The increased  strength  of   the  Hastel   loy C permi t ted 
the  use o f   t h i n n e r  gauge mater ia l .   This,   coupled  wi th i t s  lower   conduct iv i ty  
reduces ax ia l   conduct ion  and, therefore,   the  Hastel loy C i s  p r e f e r r e d   f o r   t h i s  
app l i ca t i on .  A comparison o f   t he   t he rma l   conduc t i v i t y   o f   Has te l l oy  C and s ta in -  
less s tee l  i s  shown i n   F i g u r e  44.  The in f luence  o f   th is  change i n  thermal  con- 
d u c t i v i t i e s  on  the  overa l l   heat   t ransfer   conductance  o f   the  recuperator  i s  
shown i n   F i g u r e  45a. Th is   f igure   ind ica tes   tha t   the   overa l l   conductance  o f  
the  recuperator  core must  be  increased  by  approximately 5.8 percent   w i th  a 90 
percen t   e f fec t i veness   un i t   t o  accommodate a change f rom  Haste l loy   to   s tee l .  A 
comparison of  heat  exchanger  core volumes as a f u n c t i o n   o f   e f f e c t i v e n e s s   f o r  
s ta in less   s tee l  and Haste l loy  C u n i t s  i s  shown i n   F i g u r e  45b. This second 
curve   re f lec ts   the  IO percent change in   the   phys ica l   s ize   o f   the   recupera tor  
core due to   the  change from  Hastel loy t o   s tee l .  

I n   a d d i t i o n   t o   t h e  change in   thermal   conduct iv i t ies  a fu r the r   f ac to r ,  
w h i c h   r e s u l t e d   i n   t h i s  IO percent  core volume change, i s  increased  thickness 
o f   t he   s ta in less   s tee l   p la tes .  Based on  AiResearch's  experience  in  brazing 
s ta in less   s tee l   heat  exchanger  cores, 0.006 i n .   t h i c k   s t a i n l e s s   s t e e l   t u b e  
sheets  are  the minimum th ickness   tha t  will prov ide  a h igh ly   re1  iab le   leak  type 
b r a z e   j o i n t .  A s  Has te l l oy  C i s  somewhat more r e s i s t i v e   t o   b r a z e   a l l o y   p e n e t r a -  
t i o n  a th ickness   o f  0.005 in .  could  probably be used. 

The curves shown in  Figure  45 were  prepared fo r   t he   p re l im ina ry   se lec ted  
recuperator  design  discussed  in  Sect ion 3.  The estimated  heat  exchanger 
w e i g h t   f o r   t h i s   p r e l i m i n a r y   d e s i g n   o f   u t i l i z i n g  0.005 i n .   t h i c k   H a s t e l l o y  
p la tes,  0.004 i n .   n icke l   f ins ,   ho l low  s ta in less   s tee l   header   bars  and no f i n s  
i n   e i t h e r   t r i a n g u l a r  end sec t ion  was 303 lb .   Wi th  a change t o  0.006 in .  
t h i c k   s t a i n l e s s   s t e e l   p l a t e s  and main ta in ing   the  same 0.90 ef fec t i veness   the  
heat  exchanger  weight  increased t o  353 Ib .  Th is   increase  in   weight  was based 
on the   o r ig ina l   es t imated   va lues   o f   the  KA fac to r .  A s  a r e s u l t   o f   t h e  above 
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descr ibed  test  program, t h i s  KA f a c t o r  was increased.  This  resulted in a 
we igh t   f o r   t he   Has te l l oy  C u n i t   o f  341 Ib   wh i le   the   we igh t   o f   the   s ta in less  
s tee l   un i t   i nc reased   to  413 Ib .  

Wi th   th is   weight   increase WSA requested  that an i nves t i ga t i on  be made 
t o  determine i f the   overa l l ’we igh t   cou ld  be reduced  by  increasing  the  overal l  
pressure loss of   the  recuperator .  The changes in  the  recuperator  weight 
resul t ing  f rom  changing  the  to ta l   pressure  drop  are shown i n   T a b l e  6. A l l  
numbers shown i n   t h i s   t a b l e   a r e   f o r  an e f fec t i veness   o f  0 .9 .  T h i s   t a b l e  shqws 
that  only  smal l   savings  in  weight  are  obtainable even w i t h   f a i r l y   s u b s t a n t i a l  
increases i n   t o t a l   p r e s s u r e   d r o p .   T h i s   i s  an agreement w i th   F igure  22, 23, 
and 24 which   ind ica ted   the   t radeof f  between weight,  effectiveness and pressure 
drop for pure   counter f low  p la te   f in   heat  exchangers. Also shown i n   T a b l e  7 
i s  the   reduc t ion   in   e f fec t i veness   wh ich   resu l ts   f rom  the   inc reased KA f a c t o r  

k. i f  the  or ig ina l   des igns  are  mainta ined.  , 

TABLE 6 

EFFECT OF PRESSURE  DROP  ON RECUPERATOR  WEIGHT 

AP/P Stainless  Steel  Hastel loy C 

Decrease Tot a 1 Decrease Tot a 1 
i n  Weight, Weight, i n  Weight, Weight, 

Percent  percent  Ib  percent  Ib 

2 .o 0 4 13 0 34 I 

2.4 2 405 2 334 

2.8 5 392  5  324 

3.2 7  384 7 317 

With   the   inc reased  e f fec t   o f  the KA fac to r   f rom  the   tes t  program, e i t h e r  
the  heat  exchanger  size must increase  or   e f fect iveness must decrease.  Both 
a l t e r n a t i v e s   a r e   i l l u s t r a t e d  below. 

Recuperator  Effectiveness 
Recuperator  Type Weight, pounds percent 

Hastel loy C 

Sta in less  Steel  

34 I 
30 3 

4 I 5  

353 

90 
88.9 

90 

88.6 
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A s  a f u r t h e r  means o f   a t tempt ing   to   reduce  the   overa l l   recupera tor   we igh t  
wh i l e   a l l ow ing   f o r   t he   i nc reased   e f fec t   o f   ax ia l   conduc t ion ,   cons ide ra t i on  
was g i v e n   t o   t h e   f i n   m a t e r i a l .  Throughout  the  study, t o   t h i s  date, n i c k e l  
was used  as t h e   f i n   m a t e r i a l .   N i c k e l  was s e l e c t e d   f o r   t h i s   a p p l i c a t i o n  owing 
t o  i t s  h ighe r   t he rma l   conduc t i v i t y   t han   s tee l   t hus   i nc reas ing   f i n   e f fec t i ve -  
ness. I n c r e a s i n g   f i n   e f f e c t i v e n e s s   r e s u l t s   i n   d e c r e a s i n g   c o r e   s i z e   b u t   a t  
t he  same t ime  increases  the  e f fect   o f   ax ia l   conduct ion  which may increase  core 
s ize.   In   order   to   determine  whether   any  weight   sav ings  would  resul t   f rom 
chang ing   f rom  n icke l   to   s tee l   f ins ,  a series  of  heat  exchangers were  designed 
hav ing  exact ly   the same performance and a l l   u t i l i z i n g   i d e n t i c a l   c o r e   m a t r i x  
geometry. The o n l y   v a r i a b l e   i n   t h i s   s e r i e s   o f   c o r e  was f i n   c o n d u c t i v i t y .  
The r e s u l t s   o f   t h i s   e v a l u a t i o n   a r e  shown i n   F i g u r e  46 which shows t h a t   a s   f i n  
conduc t i v i t y  i s  reduced  through  the  range  of 30 t o  IO Btu  per  hr  f t  OF, t he  
overa l l   weight  and s i z e  o f  the  recuperator i s  reduced.  This  indicates  that  
t h e   e f f e c t  o f  ax ia l   conduct ion   over r ides   the   inc rease  in   f in   e f fec t i veness .  
A s  a resu l t   o f   t h i s   ana lys i s   t he   f i n   ma te r ia l   i n   t he   se lec ted   recupera to r  
design was changed f r o m   n i c k e l   t o   s t a i n l e s s   s t e e l .  
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NOMENCLATURE 

K 

A 

L 

'min 

W 

C 
P 

E, E 

A E  

x 
d 

T 

B 

R 

Thermal conduct iv i ty  

A rea 

Length 

("Cp'm i n 

F l u i d  flow r a t e  

HE . capac i t y  

E f f e c t  i veness 

Change i n   e f f e c t i v e n e s s  

Total  axial   conduction  parameter 

Lorenz  constant 

Absolute  temperature 

Latt ice  conduction  constant 

E l e c t r i c a l   c o n d u c t i v i t y  

E l e c t r i c a l   r e s i s t a n c e  

E l e c t r i c a l   r e s i s t i v i t y  = \/a 
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SECTION 6 

FLOW DISTRIBUTION 

I n  any  heat   t ransfer   dev ice  the  problem  of   f low  d is t r ibut ion  must   be 
considered. Any n o n u n i f o r m i t i e s   i n   f l o w   d i s t r i b u t i o n  will reduce  the  heat 
t ransfer  performance and increase  the  pressure  drop. I f  the  degree o f  non- 
u n i f o r m i t y   i n  flow d i s t r i b u t i o n   i s  known, it i s   p o s s i b l e   t o  make a r e a l i s t i c  
est imate of i t s   i n f l u e n c e  on  heat  exchanger  performance. However, the  prob- 
lem o f   de f i n ing   t he   deg ree   o f   nonun i fo rm i t y   i s   cons ide rab ly   g rea te r .   I n   t he  
i n i t i a l  s tages  o f   the  f ina l   des ign  program a b r i e f   a n a l y s i s  was  made t o  
de te rm ine   t he   e f fec t   o f  an a r b i t r a r y   s e l e c t e d   n o n u n i f o r m i t y  on the  pre- 
l im inary   se lec ted   des ign   con f igura t ion .  The f l o w   d i s t r i b u t i o n  assumed f o r  
t h i s   a n a l y s i s   i s  shown i n   F i g u r e 1 7 .  The r e s u l t s   o f   t h e   a n a l y s i s   a r e   a l s o  
shown i n   F i g u r e   4 7 .   A l t h o u g h   t h i s   a r b i t r a r y  assumed nonun i fo rm i t y   i n  flaw 
reduced  the  ef fect iveness  by  only 1.7 p e r c e n t   t h i s   i n   t u r n  reduced the  
u n i t   h e a t   t r a n s f e r   u n i t s  (NTU) by 22.5 percent. I n  terms o f   hea t  exchanger 
we igh t   t h i s   wou ld   resu l t   i n   t he   hea t  exchanger  weight  increasing  by  approxi- 
mate ly  70 I b   t o  a c c o u n t   f o r   t h i s  amount o f   nonun i fo rmi ty .  

In   the   des ign   o f   the   heat   t rans fer   mat r i x   every   a t tempt  was  made t o  
prov ide  un i form flow d i s t r i b u t i o n .  The s p e c i f i c  approach u t i l i z e d   i n   t h e  
des ign   o f   t he   t r i angu la r  end sect ions  which  provide  the  entrance and egress 
o f   t h e   f l u i d s  was d i scussed   fu l l y   i n   Sec t i on  4. Considerable  design 
a t t e n t i o n  was a lso   d i rec ted   towards   the   in le t  and o u t l e t   m a n i f o l d s   f o r  
b o t h   t h e   f l u i d  streams. Ine f f i c i en t   des ign   o f   t hese   man i fo lds   wou ld   resu l t  
i n   n o n u n i f o r m i t i e s  o f  f l ow   d i s t r i bu t i on   t h rough   the   hea t   t rans fe r   ma t r i x .  
The r e s u l t s   o f   t h e   m a n i f o l d   f l o w   d i s t r i b u t i o n   a n a l y s i s  and t e s t  program 
are  discussed  below. 

I n   a d d i t i o n   t o   t h e   m a n i f o l d   f l o w   d i s t r i b u t i o n   t e s t i n g ,  flow d i s t r i -  
b u t i o n   t e s t i n g  was also  conducted  on  the  heat  t ransfer  matr ix.  The flow 
d i s t r i b u t i o n   t e s t   c o r e   d e s i g n   r e s u l t e d  from  the  wqrk  conducted  during  the 
parametr ic  survey and a l so   du r ing   t he   t r i angu la r  end sec t i on   ana lys i s  and 
ax ia l   conduct ion   tes t ing .   Whi le   th is   tes t  program was e n t i t l e d  "Flow 
D i s t r i b u t i o n   T e s t "   t h e   o b j e c t i v e  was mainly  to  obtain  the  performance capa- 
b i l i t i e s   o f   t h e   h e a t   t r a n s f e r   m a t r i x .   A l t h o u g h   i n s t r u m e n t a t i o n  was 
inc luded on t h e   t e s t   u n i t   t o   o b t a i n  flow d i s t r i b u t i o n   i n f o r m a t i o n   d i r e c t l y ,  
the  main  emphasis  placed  on  the  test  results on t h i s   u n i t  were on i t s  heat 
t ransfer  performance and pressure  drop. AS the   ana lys i s   l ead ing   t o   t he  
s e l e c t i o n   o f   t h e   f l o w   d i s t r i b u t i o n   t e s t   u n i t  has been  discussed  completely 
in   Sec t ions  7 and 8 on ly   t he  results o f  the   ac tua l   tes t ing   a re   d iscussed 
i n   t h i s   s e c t i o n .  
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Figure 47. E f f e c t   o f  Nonuniform Flow on Recuperator  Performance 
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MANIFOLD FLOW DISTRIBUTION 

I n   o r d e r   t o   e n s u r e   t h a t   s a t i s f a c t o r y   f l o w   d i s t r i b u t i o n   w o u l d   b e  ob- 
t a i n e d   t h r o u g h   t h e   h e a t   t r a n s f e r   m a t r i x  a comp le te   ana lys i s  was performed 
to   de te rm ine   t he   bes t   shape   and   any   requ i red   i n te rna l   a r rangement   f o r   t he  
i n l e t  and o u t l e t   m a n i f o l d s   t o   p r o v i d e   u n i f o r m   f l o w .  

M a n i f o l d   A n a l y s i s  

The i n i t i a l   a n a l y s i s  o f  t h e   a n t i c i p a t e d   m a n i f o l d s   f o r   t h e   B r a y t o n  
c y c l e   r e c u p e r a t o r   i n d i c a t e d   t h a t  i n  o r d e r   t o   p r o v i d e   u n i f o r m   f l o w   o v e r   t h e  
e n t i r e   i n l e t   f a c e   o f   t h e   r e c u p e r a t o r ,   v a n e s   w o u l d   b e   r e q u i r e d   i n   t h e   m a n i -  
f o l d .   W h i l e   t h e s e  vanes p rov ided   un i fo rm  f l ow   they   had   t he   d i sadvan tage  
tha t   they   inc reased  p ressure   d rop .   Consequent ly ,   the   con t inu ing   ana lys is  
o f   t h e   m a n i f o l d s   c o n c e n t r a t e d   o n   p r o v i d i n g   u n i f o r m   f l o w   w i t h o u t   t h e   a d d i t i o n  
o f  vanes.  These cont inu ing   s tud ies   were   conducted   us ing   the   recupera tor  
l a y o u t  shown on  AiResearch  Drawing 198005 w h i c h   d e s c r i b e s   t h e   r e l a t i v e  
p o s i t i o n  and f l o w   d i r e c t i o n s   o f   t h e   e n t r a n c e  and ex i t   duc ts .   Th roughou t  
the   ana lys i s   l ow   p ressu re   s ide   duc t   d iamete r  was m a i n t a i n e d   a t   t h e  NASA 
s p e c i f i e d   & i n .   d i a m e t e r   w h i l e   t h e   h i g h   p r e s s u r e   s i d e   d i a m e t e r   c o n s i d e r e d  
was 6 - i n .  The a n a l y s i s   c o n s i d e r e d   b o x - t y p e   i n l e t  and e x i t  headers,  as 
shown i n   F i g u r e  48, f o r   b o t h   t h e   h i g h   p r e s s u r e  and 1m pressure  s ides.  A 
two-d imens iona l   ana lys is  was conducted t o   d e t e r m i n e   t h e   s t a t i c   p r e s s u r e  
d i s t r i b u t i o n   i n   t h e  header  regions and t o   d e t e r m i n e   t h e   e f f e c t   o f   h e a d e r  
d e s i g n   o n   f l o w   d i s t r i b u t i o n .  When conduc t ing   t h i s   two -d imens iona l   ana lys i s ,  
use was  made o f   t h e   d a t a   o f  M. P e r l m u t t e r  and A. L. London  (References I I 
and 12) .  The e s t i m a t e d   s t a t i c   p r e s s u r e   d i s t r i b u t i o n s   i n   t h e   i n l e t  and e x i t  
headers   f o r   bo th   h igh  and  low  p ressure   s ides   o f   the   recupera tor   a re  shown 
i n   F i g u r e  4 9 .  The e s t i m a t e d   f l o w   d i s t r i b u t i o n   r e s u l t i n g   f r o m   t h e s e   p r e s s u r e  
d i s t r i b u t i o n s   i s  shown i n   F i g u r e  50. Since  box- type  headers  are used, t h e  
s t a t i c   p r e s s u r e   d i s t r i b u t i o n s   f o l l o w   t h e   s q u a r e   l a w ;   t h a t   i s ,   t h e   s t a t i c  
p r e s s u r e   i s   p r o p o r t i o n a l   t o  X '  where X i s   t h e   d i s t a n c e   a l o n g   t h e   s u r f a c e   o f  
the  core  as shown i n   F i g u r e  48. 

Because t h e   f l o w   e x i t s   f r o m   t h e   c e n t e r   o f   t h e   e x i t   h e a d e r   w i t h   t h e  
d i r e c t i o n   p e r p e n d i c u l a r   t o   t h e   i n l e t   d i r e c t i o n ,   t h e   e x i t   r e g i o n  may be 
c o n s i d e r e d   t o   c o n s i s t   o f   t w o   i d e n t i c a l   b u t   o p p o s i t e   p a r t s .  The f l o w  model 
i s ,  therefore,  a composite  one i f  p a r a l l e l  flm p l u s   c o u n t e r f l o w ,   a s   i l l u s -  
t ra ted   by   t he   t yp i ca l   s t ream1  i nes  shown i n   F i g u r e  48,  t h e   s t a t i c   p r e s s u r e  
d i s t r i b u t i o n   i n   t h e   e x i t   r e g i o n   i s   t h e r e f o r e ,   a l s o  a compos i te   cu rve   o f  
t w o   p a r a b o l i c   s h a p e s   s y m m e t r i c   t o   t h e   a x i s   o f   t h e   e x i t   d u c t   a s  shown i n  
F i g u r e  49. 

The header   p ressu rc   d i s t r i bu t i ons  and f l o w   d i s t r i b u t i o n   r e s u l t i n g   f r o m  
t h i s   p r e l i m i n a r y   a n a l y s i s   w e r e   u n a c c e p t a b l e  and consequen t l y   t he   ana lys i s  
was c o n t i n u e d   t o   i m p r o v e   t h e   m a n i f o l d   c o n f i g u r a t i o n   f r o m   t h e   o r i g i n a l  assumed 
box  type. The main  cause o f   t h e   e s t i m a t e d   n o n u n i f o r m i t i e s   i n   f l o w   d i s t r i -  
b u t i o n   i s   a t t r i b u t a b l e   t o   t h e   c o m b i n a t i o n   o f   t h e   c e n t r a l l y   l o c a t e d   e x i t  duct 
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X, 01RENSIOULESS 

XIL,  DIRENSIOWLESS " x 4 5  

Figure  49. Recupera to r   P ressu re   D is t r i bu t i on   i n   I n le t  and 
E x i t  Headers f o r  Design  Point  Condit ion and 
Geometry of Drawing L198005 
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F i g u r e  50. F l o w   D i s t r i b u t i o n   i n   V e r t i c a l   D i r e c t i o n  
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i n  the   cons tan t   c ross -sec t i on   o f   t he   box - t ype   i n le t   headers .  As t h e   e x i t  
d u c t   l o c a t i o n   i s  fixed,improvement i n  f l o w   d i s t r i b u t i o n   s h o u l d ,   t h e r e f o r e ,  
be   ob ta ined  by   redes ign ing   the   in le t   header  shape. T h i s ,   i n   f a c t ,   i s   t h e  
a p p r o a c h   u t i l i z e d   b y   b o t h   P e r l m u t t e r  and  London i n   t h e  above  references. 
Us ing   t he   ana ly t i ca l   t echn iques   o f   t hese   re fe rences  new i n l e t   m a n i f o l d  
headers  were  designed.  These new h e a d e r   d e s i g n s   a r e   i l l u s t r a t e d   i n   F i g u r e  51. 
The   header   c ross -sec t i ona l   a rea   dec reases   l i nea r l y   t o   app rox ima te l y   ha l f  o f  
the   co re   he igh t ,  from w h i c h   p o i n t   t h e   a r e a   i s   c o n s t a n t   t o   t h e  end o f   t h e   c o r e .  
The e x i t  h e a d e r   c o n f i g u r a t i o n   m a i n t a i n s   t h e   o r i g i n a l   b o x - t y p e   c o n f i g u r a t i o n  
excep t   t ha t  a p l a t e   d i v i d e r   i s   b e i n g   i n c o r p o r a t e d  to  reduce  mix ing  losses.  
The l a r g e r   m a n i f o l d   c u r v a t u r e  was used to  i n c r e a s e   t h e   e x i t   a r e a  and t h e  
j u n c t i o n   o f   t h e   e x i t   h e a d e r  and e x i t   d u c t .  

C h a r a c t e r i s t i c a l l y ,   t h e   p r e s s u r e  i n  t h e   i n l e t   h e a d e r   d e c r e a s e s   f i r s t ,  
then  increases  according  to  the  square  law. The p r e s s u r e   d i s t r i b u t i o n  
p r o f i l e   o f  each p a i r   o f   i n l e t  and o u t l e t  headers  are now matched  more e f -  
f e c t i v e l y ,  as shown i n   F i g u r e s  52 and 53, f o r   t he   l ow   p ressu re  and h igh   p res -  
su re   s ides   respec t i ve l y .  The f l o w   d i s t r i b u t i o n   c u r v e s   r e s u l t i n g   f r o m   t h i s  
p r e s s u r e   d i s t r i b u t i o n   f o r   b o t h   h i g h  and low pressure   s ides   a re  shown i n  
F i g u r e  54. Minimum n o n u n i f o r m i t y   i n  each  case i s   w i t h i n  a 2 percent   to le rance.  

M a n i f o l d   F l o w   D i s t r i b u t i o n   T e s t s  

I n   o r d e r   t o   v e r i f y   t h e  above  analysis, f u l l   s c a l e   m a n i f o l d   d i s t r i b u t i o n  
tests   were  run.  The a c t u a l   m a n i f o l d s   c o n s t r u c t e d   f o r   t h e  flow d i s t r i b u t i o n  
t e s t s   a r e  shown i n   F i g u r e  55. All mani fo lds   were   fu l  1 s i z e .  As no f u l l  
s ize  heat   exchanger  was a v a i l a b l e   f o r   t h e s e   t e s t s  i t  was necessary t o   f i n d  
a method o f   s imu la t i ng   hea t   exchanger   p ressu re   l osses .  The method s e l e c t e d  
f o r   d o i n g   t h i s  was t o   u t i l i z e   s e v e r a l   l a y e r s   o f   f i n e  mesh sc reen   w i th   t he  
same pressure   d rop   as   the   heat   exchanger   mat r i x   a t   the  same f l o w   r a t e s .  
Photographs   o f   the   sc reen  mat r ices   s imu la t ing   bo th   the   h igh   and low  p res-  
s u r e   s i d e s   o f   t h e   c o r e   a r e  shown i n   F i g u r e  56. The test   setup  used f o r  t h e  
l o w   p r e s s u r e   s i d e   m a n i f o l d   t e s t s   i s   i l l u s t r a t e d   i n   F i g u r e  57. The h i g h  
p ressu re   s ide   t es t   se tup  was e s s e n t i a l l y   t h e  same and the  same amount o f  
i n s t r u m e n t a t i o n  was used f o r   t h e   t e s t s .  

The t e s t   m a n i f o l d s  and assoc ia ted   tes t   hardware  used f o r   t h e   h i g h  and 
low  p ressure   s ide   tes ts   a re  shown s c h e m a t i c a l l y   i n   F i g u r e  58. The t e s t  
m a n i f o l d s   a r e   i d e n t i c a l   t o   t h e   d e s i g n   c o n f i g u r a t i o n ,   i n c l u d i n g   s t r u c t u r a l  
shapes and re in forcement .  As s t a t e d  above, f l o w   r e s i s t a n c e   s i m i l a r i t y  
was ob ta ined   w i th   sc reen   ma t r i ces  and t h e   t e s t   f l u i d  was a m b i e n t   a i r ,   a t  
f l c w   r a t e s   w h i c h  gave the  Reynolds numbers c l o s e   t o   t h e   d e s i g n   c o n d i t i o n .  

' Pressure  probe  gr ids  were  p laced  upstream and downstream of t he   s imu la ted  
core.  On the   low  p ressure   s ide ,   ten   t ravers ing   p robes   were   used  to   record  
t h e   p r e s s u r e   o v e r   t h e   f u l l   m a t r i x   a r e a .   P r e s s u r e  was measured a t   l a t e r a l  
( n o   f l o w   d i r e c t i o n )   i n t e r v a l s   o f  2.5 in .  and l o n g i t u d i n a l   ( f l o w   d i r e c t i o n )  
increments o f  2 in .   Three  permanent ly   located  pressure  probes  were  p laced 
i n   t h e   i n l e t   g r o u p   t o   a s s u r e   i d e n t i c a l   t e s t   c o n d i t i o n s   a t   t h e   s t a r t   o f  
each  record ing  sequence. I n l e t   s t a t i c   p r e s s u r e  and s t a t i c   p r e s s u r e   d r o p  
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Figure 51. Schematic  of Full Scale  Manifolds 
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F i g u r e  55. Recupera to r   Man i fo ld   Cons t ruc t i on  
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HIGH PRESSURE S I D E  OF CORE F-3664 

F i g u r e  56. Sc reen   Ma t r i ces   S imu la t i ng   Recupera to r   Core  
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were  recorded a t  each o f   t h e  60 po in ts .  The h igh   p ressure  
a r r a n g e d   s i m i l a r l y   t o   t h e  l ow pressure  system  except  that 
( 6  t ravers ing)   were used, s ince   the   f ron ta l   a rea   i s   apprec  
The average l o w  pressure   f ron ta l   a rea   i s   approx imate ly  21 
the   h igh   p ressure   f ron ta l   a rea   i s  9.5  in.  by 26 in .  

system was 
fewer  probes 
iab ly   smal le r .  
in.  by 26  in.; 

Test  Resul ts 

On the   h igh   p ressure   s ide   p re l im inary   resu l ts   ind ica te   tha t   the   tapered 
i n l e t  pan i n   c o m b i n a t i o n   w i t h   t h e   c e n t e r   o u t l e t  pan  produces f a i r l y  good 
flow d i s t r i b u t i o n ,  however, t he  2 percent (max) nonun i fo rmi ty   ta rge t  was 
exceeded. 

t o  
by 

i n  

A s l i g h t   m a n i f o l d   m o d i f i c a t i o n   c o u l d   e f f e c t   t h e  improvements  necessary 
achieve  the  des i red  un i formi ty .   Improved  un i formi ty   could  a lso be obtained 
m o d i f y i n g   t h e   d u c t   s l i g h t l y   w i t h  an i nse r t .  

Pre l  
l e t  pan 

was again 

im inary   resu l ts  on the l o w  pressure  s ide  ind icate  that   taper ing  the 
was e f f e c t i v e ,  however, the 2 percent (max) nonun i fo rmi   t y   ta rge t  
exceeded. The r e s u l t s   i n d i c a t e   t h a t   s l i g h t l y  more acute  taper on 

t h i s   m a n i f o l d   i s   r e q u i r e d   t o   g i v e   t h e   n e c e s s a r y  flow d i s t r i b u t i o n .   F u r t h e r  
improvements i n  flow d i s t r i b u t i o n  would  also be  achieved  on  th is   s ide  o f  
t h e   u n i t  by   t he   add i t i on   o f   t he  gas t o   l i q u i d   h e a t  exchanger. 

A t  the   conc lus ion   o f   the  above descr ibed  man i fo ld   tes t ing   cons idera t ion  
was g i ven   t o   runn ing   f u r the r   t es ts .  These tests  would  have  included  the 
f a b r i c a t i o n   o f   t h e   m o d i f i e d   m a n i f o l d s  and the   c loser   s imu la t ion   o f   the   heat  
exchanger  core impedance. However, a t   t h i s   t i m e   t h e   f i n a l   d e s i g n   c o n f i g u r -  
a t i o n  was n o t   f u l l y   d e f i n e d  and as i t  was known tha t   the ,mod i f i ca t ions   re -  
q u i r e d   t o   t h e   d u c t s  and manifolds  were  minor i t  was decided  that  these 
add i t iona l   tes ts   were   unnecessary .   Th is   dec is ion   no t   to   run   fu r ther   tes ts  
was la te r   subs tan t i a ted  as t h e   f i n a l l y   s e l e c t e d   d e s i g n   c o n f i g u r a t i o n   r e -  
q u i r e d   o v e r a l l  geometry  changes to   the  mani fo lds.   Wi th   the  pressure  drop 
reduc t ion   inves t iga t ions ,   descr ibed  in   Sec t ion  8, w i t h   t h e   a s p e c t   r a t i o   o f  
i n l e t  and o u t l e t   f a c e  of the  counter f low  core changed f rm 1.0 t o  2.25. 
This, o f  course,  increases any flow length   w i th in   the   man i fo lds  and re- 
duces the  cross-sect ion  area. From the methods o f   ana lys i s  used t o   p r e d i c t  
the  pressure and flow d i s t r i b u t i o n   i n   t h e   m a n i f o l d s  and f ran   t he   t es t   da ta  
obtained  from  the above described  program i t  i s  be l i eved   t ha t   sa t i s fac to ry  
manifold  designs  can be made w i t h o u t   f u r t h e r   t e s t i n g .  

HEAT EXCHANGER FLOW DISTRIBUTION 

The ana ly t i ca l   s tud ies   d iscussed  in   Sec t ions  3, 4, and 5 o f   t h i s   r e p o r t  
l e d   t o   t h e   d e s i g n   o f   t h e   f l o w   d i s t r i b u t i o n   t e s t   h e a t  exchanger. As a r e s u l t  
of  the  manufactur ing and ax ia l   conduc t ion   i nves t i ga t i ons   t he   s i ze   o f   t he  
bas i c   coun te r f l ow   co re   i nc reased   s l i gh t l y   f rom  the   p re l im ina ry   se lec ted  
conf igura t ion .  The t r i a n g u l a r  end sec t ion   ana lys is  and design  discussed 
i n   S e c t i o n  4 gave t h e   f i n a l   c o n f i g u r a t i o n   f o r   t h e   t r i a n g u l a r  ends. 
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The i n t e n t   o f   t h e   f l o w   d i s t r i b u t i o n   t e s t  was to   evaluate  the  per formance ' 

c a p a b i l i t i e s   o f   t h i s   f i n a l   s e l e c t e d   d e s i g n .  The t e s t   u n i t  used was f u l l  
s i z e   i n   a l l   b u t  one  dimension. I n   o r d e r   t o   r e d u c e   c o s t  and t o  ensure  sat  is- 
f ac to ry   t es t   ope ra t i on   t he   no  flow d imens ion   (o r   s tack   he igh t )   o f   t he   t es t  
core was l i m i t e d   t o  2 in. I n   t h e   f u l l   s i z e   h e a t  exchanger th is   d imension 
is   approx imate ly  26.2 i n .  From the   resu l ts   o f   the   ax ia l   conduct ion   ana lys is  
and t e s t  program  the  ent i re flow d i s t r i b u t i o n   t e s t   u n i t  was fab r i ca ted  from 
s ta in less   s tee l .  The l o w  pressu re   s ide   f i ns  used in   t he   coun te r f l ow   co re  
a r e   t h e   o r i g i n a l l y   s e l e c t e d  12 r e c t a n g u l a r   f i n s   p e r   i n  0.178 in .   h igh and 
t h e   f i n s  used in   t he   h igh   p ressu re   s ide   a re   t he   o r i g ina l l y   se lec ted  16 
rec tangu la r   f i ns   pe r   i nch  0.153 i n .   h igh .   Bo th   f ins   a re   fabr ica ted  frun 
0.004 i n .   t h i c k   s t a i n l e s s   s t e e l .  The tube  sheets  throughout  the  test   core 
a re  0.008 i n .   t h i c k   s t a i n l e s s   s t e e l  and the  overa l l   w idth  o f   the  counter-  
f low  core  i s  26.2 i n .  and the  flow l e n g t h   o f   t h e   c o u n t e r f l o w   c o r e   i s  7.85 in .  
From the   t r i angu la r  end invest igat ions  the  hot  end t r i a n g l e   h e i g h t  i s  7.0 
in. and t h e   c o l d  end t r i a n g l e   h e i g h t   i s  2.25 in.  There  are 10 p la in   rec -  
tangu lar   f ins   per   in . ,  0.004 i n .   t h i c k   i n   b o t h   t h e   h i g h  and low  pressure 
t r i a n g u l a r  end sections. The r a t i o   o f   t h e  l o w  pressure  s ide  in le t   face 
area t o   t o t a l   a v a i l a b l e   f a c e   a r e a  i s  0.75. D e f i n i t i o n   o f   h o t  and c o l d  end 
t o g e t h e r   w i t h   d e f i n i t i o n   o f   h i g h  and l o w  pressure  s ide f l o w s  i s  shown i n  
F igure  59. 

Specia l   mani fo lds  were  des igned  for   th is   test   core  to   ensure  that   the 
n o n u n i f o r m i t i e s   i n  flow d i s t r i b u t i o n   o c c u r r i n g   i n   t h e   t e s t s  were  the  resul t  
of  the  heat  exchanger  matr ix and not   o f   the  mani fo lds  or   ducts .  These heat 
exchanger  manifolds  are shown i n   F i g u r e  58. Also  shown i n   F i g u r e  60 i s  t he  
comple te   f low  d is t r ibu t ion   tes t   heat  exchanger w i th   man i fo lds   ins ta l led .  

I n i t i a l l y  two  complete  ser ies  of   tests  were  conducted  on  th is  uni t .  
F igure 61 shows the   un i t   i ns ta l l ed   i n   t he   t es t   se tup  and c l e a r l y   i n d i c a t e s  
t h e   d i f f e r e n t   i n l e t  and o u t l e t   f l o w s .   I n   t h e   f i r s t   s e r i e s   o f   t e s t s  a hot  
s ide   in le t   tempera ture   o f   approx imate ly  4OO0F  was used wh i l e   i n   t he  second 
ser ies   o f   tes ts   the   ho t   s ide   in le t   tempera ture  was increased to   approx i -  
mate ly  60OoF. I n   b o t h   s e r i e s   o f   t e s t s   t h e   c o l d   s i d e   i n l e t   t e m p e r a t u r e  was 
room ambient and the  f low  range  covered  by  the  test  was from I t o  4 l b   p e r  
min.   This  range  of   f low  rate  covers  both  the  equivalent mass f l o w  and the  
equivalent  Reynolds numbers to   t he   des ign   po in t   ope ra t i ng   cond i t i ons .  

D i f f i c u l t i e s  were  encountered wi th   the  data  obta ined  f rom  these f i r s t  
two  runs. I n   b o t h   s e r i e s  o f  t e s t s  conducted, i n l e t  and out let   temperatures 
o f   b o t h   f l u i d s   t o   t h e   h e a t  exchanger  were measured i n   m i x i n g  boxes  which 
were some d is tance  f rom  the   un i t .  A s  a l l  duct ing,   mixing boxes, and the 
heat  exchanger i t s e l f  were we l l   i nsu la ted  i t  was o r i g i n a l l y   b e l i e v e d   t h a t  
the  heat  leak  f rom  th is  setup  should be neg l i g ib le .  However, dur ing  a 
number o f   t h e  runs  additional  temperatures  were  taken  by a t rave rs ing  thermo- 
coup le   across   the   in le t  and o u t l e t   f a c e s  of  the  heat  exchanger and the   re -  
su l t s   o f   t hese   t empera tu re   t rave rses   d i f f e red   cons ide rab ly   f rom  the   va lues  
read i n   t h e   m i x i n g  boxes. I n   o r d e r   t o   e l i m i n a t e   t h i s   t y p e   o f   u n c e r t a i n t y  
f rom  the   tes t   resu l ts  a c a l i b r a t i o n   o f   t h e   h e a t   l e a k  between duc t i ng  and 
mix ing  boxes was conducted. 

93 



HOT OR LOW PRESSURE 
ARGON I N  
(FROM TURBINE) 

COLD OR HIGH PRESSURE 

7 .9  I N .  

COLD OR HIGH PRESSURE 
ARGON I N  

HOT OR LOW PRESSURE 
ARGON  OUT 
(TO RADIATOR) 

(FROM COMPRESSOR) 

A- I4 756 

F i g u r e  59. R e c u p e r a t o r  Flow Schemat ic  
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T E S T  CORE MNIFOLDS 

T E S T   C O R E   W I T H  PY\NIFOLDS F-3663 

F i g u r e  60. F l o w  D i s t r i b u t i o n   T e s t   U n i t  
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F i g u r e  61. I n s t a l l e d  F l o w  D i s t r i b u t i o n   T e s t   U n i t  
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The two  areas  where  duct and mix ing  box  heat  leak  have a subs tan t i a l  
e f f e c t  on the  data  obta ined  are  the  hot   in le t  and the   co ld   ou t l e t .  A t  the  
o ther  two loca t ions ,   tha t   i s ,   the   ho t   ou t le t  and the   co ld   i n le t ,   t he  gas 
temperatures  are  c lose  to  ambient and, therefore,   the  heat   leak  is   very   smal l .  
I n   o rde r   t o   eva lua te   t he   hea t   l eak   f rom  the   ho t   i n le t   duc t  and   t he   co ld   ou t l e t  
duct,  thermocouples  were i n s t a l l e d   a t   t h e   h o t   i n l e t  and  co ld  out le t   faces 
o f   the   heat  exchanger as w e l l  as in the  normal l oca t i ons   i n   t he   m ix ing  
boxes. The u n i t  was then  insulated, as it was throughout a l l  heat  t rans- 
f e r   t e s t s ,  and ho t  gas passed  through  the  heat  ex,changer  on  one  side  only. 
Wi th  a hot  gas in le t   tempera ture  of 6OO0F f lowing  through  the  hot   s ide  o f  
the  heat  exchanger it was es tab l i shed   t ha t ,   w i th  a f l o w   r a t e  o f  1.8 I b   p e r  
min  the  temperature  loss  between  mixing  box and heat  exchanger was approxi- 
mately 12.5OF. This  data  then  establ ished  the amount o f   heat   f low ing  away 
from the   ho t   i n le t   duc t   wh i l e   ope ra t i ng   a t  a temperature of  60OoF. This  
t e s t  was isothermal and as  readings  were  taken f o r   o v e r  an  hour a f t e r   s t a -  
b i l i t y  had been  achieved i t  i s  b e l i e v e d   t h a t   t h i s  i s  a very  accurate  eval-  
ua t i on   o f   t he   hea t   l eak  from th i s   duc t .  A s i m i l a r   t e s t  was conducted t o  
determine  the  heat   leak  f rom  the  co ld   out le t   duct ,   on ly   dur ing  th is   test  a 
gas temperature  of  52OoF was used. I n   t h i s  case, w i t h  a f l o w   r a t e   o f  I . 8  
lb  per  min  through  the  system  the  temperature  loss was approximately 46OF. 
The  much greater  heat  leak on the   co ld   s ide   duc t ing  was apparent ly  due t o  
the use o f   less   insu la t ion   a round  th is   sec t ion  and a l s o   t o   t h e   f i n a l  method 
o f  mount ing  the  un i t   w i th in   the  test   setup.   There i s  no suppor t   s t ructure 
between the   ho t   in le t   m ix ing  box  and the   in le t   face  o f  the  heat  exchanger. 
However, there  i s  a metal  support  stand  located  between  the  cold  outlet 
face  of  the  heat  exchanger and the  mixing  box.  This  stand  supports  the 
d u c t i n g   d i r e c t l y  and i s  not  separated  from i t  by  any insu la t ion .   Whi le   the  
t e s t s  were  being  run i t  was observed  that   the  meta l   o f   th is   test   s tand was 
too   ho t   t o  touch,  thus  indicat ing a substant ia l   heat  leak  f rom  th is  area. 

Wi th  th is   heat   leak  evaluated  fur ther   heat   t ransfer   tests  were  conducted 
on the two inch  stack-height  heat exchanger  core. A f t e r   t h e   c o n c l u s i o n   o f  
the   heat   leak   eva lua t ions   four   d i f fe ren t   f low  ra tes  were  run  through  the 
heat  exchanger t o   e s t a b l i s h  i t s  heat  transfer  performance. The h o t   i n l e t  
temperature was mainta ined  a t   approx imate ly  6OO0F w h i l e   t h e   c o l d   i n l e t  
temperature was room ambient. I n  examining  the  data  obtained  direct ly  f rom 
the  mix ing boxes the  heat  balances  ranged  from  approximately 5 percent   to  
approximately 15 percent. However, when the  duct  temperature loss cor- 
rec t i ons  were a p p l i e d   t o   t h i s   d a t a   a l l   h e a t  balances  were  below 2 percent. 
Fur ther   con f i rmat ion   o f   the   accuracy   o f   the   heat  loss c a l i b r a t i o n  was ob- 
ta ined by  comparing t h i s   d a t a   w i t h   t h e   d a t a   o b t a i n e d   f r o m   t h e   f i r s t   s e t  o f  
t e s t s  where the   f lu id   tempera tures  were measured by a t ravers ing   p robe  a t  
t h e   o u t l e t  faces  of  the  heat  exchanger.  Both  the  data  obtained  from  the  duct 
loss c a l i b r a t i o n s  and  the  data  obtained  from  the  temperature  probe  traverses 
i s  shown i n   F i g u r e  62. Also, shown i n   t h i s   f i g u r e  i s  an es t ima ted   e f fec t i ve -  
ness c u r v e   f o r   t h e   a c t u a l   t e s t   c o n d i t i o n s .   I n   a l l  cases the   t es t   da ta   i nd i -  
ca tes   s l i gh t l y   h ighe r   e f fec t i veness   t han   p red ic ted .  
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As i t  i s  n o t   p o s s i b l e   t o   t e s t   t h e   t w o   i n c h   h i g h   c o r e   a t   a c t u a l   d e s i g n  
c o n d i t i o n s  i t  i s  b e l i e v e d   t h a t   t h e   d a t a  shown i n   F i g u r e   6 2 p r o v i d e s   t h e  
most r e l i a b l e  means o f   de termin ing   heat   exchanger   per fo rmance.  The  method 
o f   a n a l y s i s  used t o   o b t a i n   t h e   p r e d i c t e d   c u r v e   o f   F i g u r e  62 i s   e x a c t l y   t h e  
same as t h a t   u s e d   t o   d e s i g n   t h e   f u l l   s i z e d   u n i t .   T h e r e f o r e ,  a comparison 
between t h i s   c u r v e  and t h e   t e s t   d a t a   o b t a i n e d   p r o v i d e s   a d e q u a t e   c o n f i r m a t i o n  
o f   o v e r a l l   h e a t   t r a n s f e r   p e r f o r m a n c e  o f  t h e   f u l l   s i z e   u n i t .  

From t h e   t e m p e r a t u r e   p r o b e   t r a v e r s e s ,   r u n   d u r i n g   t h e   i n i t i a l   s e r i e s  
of  t e s t s   o n   t h i s   u n i t ,  it i s   p o s s i b l e   t o   o b t a i n   t h e   o u t l e t   t e m p e r a t u r e  
d i s t r i b u t i o n .  Owing t o   t h e   s m a l l  amount o f   h e a t   t r a n s f e r   o c c u r r i n g  i n  t h e  
t r i a n g u l a r  shaped  ends t h i s   o u t l e t   t e m p e r a t u r e   d i s t r i b u t i o n   i s   n o t   u n i f o r m .  
T h i s   i s  a r e s u l t   o f   t h e   f a c t   t h a t   t h e   h e a t   t r a n s f e r   i n   t h e   t r i a n g u l a r  ends 
i s   t h e   c r o s s - f l o w   t y p e   w h i c h  imposes a d e f i n i t e   t e m p e r a t u r e   p r o f i l e .  A 
comparison o f   t h e   a c t u a l   o u t l e t   t e m p e r a t u r e   d i s t r i b u t i o n   o b t a i n e d   w i t h   t h e  
t h e o r e t i c a l   o u t l e t   t e m p e r a t u r e   d i s t r i b u t i o n   g i v e s  a f a i r   i n d i c a t i o n  of t h e  
n o n u n i f o r m i t y   i n   f l o w   w h i c h   e x i s t s   w i t h i n   t h e   h e a t   t r a n s f e r   m a t r i x .   F i g u r e  
63 i l l u s t r a t e s   t h e   c o l d   s i d e   o u t l e t   t e m p e r a t u r e   d i s t r i b u t i o n  as a d e v i a t i o n  
from  the  mixed mean o u t l e t   t e m p e r a t u r e .   B o t h   t h e   t e s t   d i s t r i b u t i o n   d a t a   a n d  
t h e   t h e o r e t i c a l   d i s t r i b u t i o n   d a t a   a r e  shown on t h i s   f i g u r e .  The  theo- 
r e t i c a l   d i s t r i b u t i o n  i s  t aken   f rom  ana lys i s   desc r ibed   i n   Sec t i on  7. Where 
t h e   t e s t   t e m p e r a t u r e  i s  h ighe r   t han   t he   p red ic ted ,   l ess   f l ow   than   ave rage  
has  passed  through  th is   sect ion  o f   the  heat   exchanger ,   where  the  test  
temperature i s  lower  than i s  es t imated   more   f low has  passed  through  that  
sec t i on   o f   t he   hea t   exchanger .  The d i f f e rence   be tween   the   t es t  and e s t i -  
ma ted   t empera tu re   d i s t r i bu t i ons   i nd i ca tes   t ha t   t he   f l ow   th rough   the   cen te r  
s e c t i o n   o f   t h e   h e a t   e x c h a n g e r  i s  l e s s   t h a n   a t   e i t h e r   s i d e .  

I n   a d d i t i o n   t o   t h e   e x t e n d e d   h e a t   t r a n s f e r   t e s t s   f u r t h e r   t e s t s   w e r e  
per fo rmed  on   the   2 - in .   heat   exchanger   core   to   ob ta in  a more   accura te   eva lu -  
a t i o n   o f   f l o w   d i s t r i b u t i o n  and pressure   d rop .  .The o v e r a l l   t e s t   s e t u p   u s e d  
f o r   t h e s e   e x t e n d e d   t e s t s  i s  shown i n   F i g u r e  64. Much o f  t h i s  extended 
t e s t i n g   t o  e x a m i n e   t h e   f l o w   d i s t r i b u t i o n   i n   t h e   e x c h a n g e r  was conducted 
a t  i so the rma l   cond i t i ons .  A v e r y   l a r g e  number o f   s t a t i c   p r e s s u r e   t a p s  
were  added t o   t h e   h e a t   e x c h a n g e r   c o r e   t o   o b t a i n   b o t h   o v e r a l l   f l o w   d i s t r i -  
b u t i o n   a n d   f l o w   d i s t r i b u t i o n   w i t h i n   t h e   p u r e   c o u n t e r f l o w   s e c t i o n .   F i g u r e  
64 i l l u s t r a t e s   t h e   l a r g e  number o f   t a p s  used. I t  i s  t h e   f l o w   d i s t r i b u -  
t i o n   w i t h i n   t h e   p u r e   c o u n t e r f l o w   s e c t i o n   t h a t  i s  o f   g r e a t e s t   i n t e r e s t   a n d  
ove r  a f a i r l y   w i d e   s e r i e s   o f   f l o w s  i t  was de te rm ined   tha t   a t   i so the rma l   con -  
d i t i o n s   t h e   r a t i o   o f  maximum t o  minimum f l o w   r a t e  on t h e   c o l d   s i d e   o f   t h e  
heat  exchanger was approx ima te l y  1.25.  The r a t i o   o f   t h e  maximum t o  minimum 
f l o w   r a t e  on t h e   h o t   s i d e  was approx ima te l y  1.45. A t  a l l   o f   t h e   i s o t h e r m a l  
condi t ions  examined a p r e d i c t i o n  was made o f   t h e   o v e r a l l   h e a t   e x c h a n g e r  
p ressu re   d rop  and t h i s   v a l u e  wa; compared w i t h   t e s t   d a t a .  The d e v i a t i o n  
between t e s t  and p red ic ted   va luc  5 v a r i e s  S I  i g h t l y   w i t h   f l o w   r a t e   b u t   a t   t h e  
equ iva len t   f l ow   ra te   t o   t he   des ign   cond i t i ons   (equa l   Reyno lds   numbers )  
t h e   t e s t   p r e s s u r e   d r o p   o n   t h e   c o l d   s i d e   o f   t h e   h e a t   e x c h a n g e r   i s  52 pe r -  
c e n t   g r e a t e r   t h a n   t h e   p r e d i c t e d   v a l u e .  The h o t   s i d e   v a r i a t i o n   f r o m   t e s t  
i s  63 pe rcen t   g rea te r   t han   t he   p red ic ted .   Th i s   l a rge   d i f f e rence   be tween  
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t e s t  and p r e d i c t e d   v a l u e s  may b e   a t t r i b u t e d   a l m o s t   e n t i r e l y   t o   n o n - u n i f o r m  
f l o w   d i s t r i b u t i o n .  It i s ,   t h e r e f o r e ,   n e c e s s a r y   t o   e v a l u a t e   t h e   d i f f e r e n c e s  
b e t w e e n   t h e   t e s t   a n d   p r e d i c t e d   v a l u e s   u n d e r   h e a t   t r a n s f e r   c o n d i t i o n s  to  
o b t a i n   a n y   a c c u r a t e   e v a l u a t i o n   o f   t h e   d e s i g n   p e r f o r m a n c e .  As p o i n t e d   o u t  
i n   p r e v i o u s   r e p o r t s   t h e   u s e  of non-equa l   t r iangu lar   shaped  ends   fo r   th is  
r e c u p e r a t o r   i s   d e s i r a b l e   t o ’   o b t a i n   u n i f o r m   f l o w   d i s t r i b u t i o n .  The i n e q u a l i t y  
i n  the  ends  compensates f o r   t h e   l a r g e   d e n s i t y   d i f f e r e n c e   b e t w e e n   t h e   h o t  
and   t he   co ld  ends of t h e   c o r e  and, t h e r e f o r e ,  when i s o t h e r m a l   t e s t s   a r e   r u n  
the  unequal  ends  tend t o   i n c r e a s e   t h e   n o n - u n i f o r m i t y   o f  flow r a t h e r   t h a n   t o  
decrease it. A c a r e f u l   e x a m i n a t i o n  was made o f   a l l   p r e s s u r e   d r o p   d a t a  ob- 
t a i n e d   d u r i n g   h e a t   t r a n s f e r   t e s t s  and i t  was d e t e r m i n e d   t h a t   t h e   d e v i a t i o n  
between  predic ted and t e s t   v a l u e s  was much lower   under   these  cond i t ions  
t h u s   c o n f i r m i n g   t h e   i m p r o v e d   f l o w   d i s t r i b u t i o n .   T h r o u g h o u t   t h e   h e a t   t r a n s -  
f e r   t e s t s   c o n d u c t e d   t h e   h o t   s i d e   i n l e t   t e m p e r a t u r e  was ma in ta ined   a t   app rox -  
ima te l y  6OO0F w h i l e   t h e   c o l d   s i d e   i n l e t   t e m p e r a t u r e  was m a i n t a i n e d   a t  
app rox ima te l y  8OoF. Under   t hese   cond i t i ons   t he   co ld   s ide   p ressu re   d rop  
exceeded   the   p red ic ted   p ressu re   d rop   by   on l y  20  p e r c e n t   w h i l e   t h e   h o t   s i d e  
tes t   p ressure   d rop   exceeded  the   va lue   by  35 pe rcen t .  As t h e   r a t   i o  o f  i n l e t  
t o   o u t l e t   d e n s i t i e s   d u r i n g   t h e s e   t e s t s   i s   a l m o s t   i d e n t i c a l   t o   t h e   d e n s i t y  
r a t i o   w h i c h   o c c u r s   a t   t h e   d e s i g n   c o n d i t i o n s  i t  may b e   a n t i c i p a t e d   t h a t   t h e  
predic ted  heat   exchanger   pressure  drops will increase  by  these  values. 
Wh i le   eve ry   a t tempt  was made i n   t h e   d e s i g n   t o   b a l a n c e   t h e   p r e s s u r e   d r o p s  
i n   t h e   t r i a n g u l a r  end s e c t i o n s   t o   o b t a i n   u n i f o r m   f l o w   t h e   p r a c t i c a l  1 imi- 
t a t i o n s   i n   t h e   c o n s t r u c t i o n   o f   t h e   h e a t   e x c h a n g e r   h a s   n o t   q u i t e  met the  
theo re t i ca l   requ i remen ts   and   t he re fo re  some small  amount o f   n o n - u n i f o r m i t y  
i n   f l o w   d i s t r i b u t i o n  s t i l l  e x i s t s ,   c a u s i n g   t h i s   i n c r e a s e   i n   p r e s s u r e  loss.  

SUMMARY OF FLOW DISTRIBUTION TESTS 

The d e s i g n   o f   t h e   u n e q u a l   t r i a n g u l a r  ends  achieved i t s   m a i n   o b j e c t i v e ;  
o b t a i n m e n t   o f   t h e   r e q u i r e d   h e a t   t r a n s f e r .  As s t a t e d   i n   S e c t i o n  7 the  use 
o f   t h e  unequa l   t r i angu la r  ends r e s u l t e d   i n  a p ressure   loss   inc rease  f rom 
2.0 p e r c e n t   t o   2 . 6   p e r c e n t .   W i t h   t h e   d a t a   o b t a i n e d   f r o m   t h e   f l o w   d i s t r i -  
b u t i o n   t e s t s   t h e   o v e r a l l   p r e s s u r e   d r o p   f o r   t h e  f l  i g h t w e i g h t   r e c u p e r a t o r   a t  
d e s i g n   c o n d i t i o n s   w o u l d   b e   e s t i n a t e d   t o   b e   3 . 1 3   p e r c e n t .   T h i s   o v e r a l l   e s t i -  
mate o f   p r e s s u r e  loss, as w i t h   a l l   p r e v i o u s l y   d i s c u s s e d   v a l u e s   i n c l u d e s  a 
0 . 6 3   p e r c e n t   l o s s   f o r   t h e   m a n i f o l d s .  Owing t o  the   care fu l   aerodynamic   des ign  
o f   t h e   m a n i f o l d s  and   f rom  the   t es t   da ta   ob ta ined   on   t he   man i fo ld   t es ts  i t  
a p p e a r s   t h a t   t h i s   a l l o w a n c e   f o r   m a n i f o l d   l o s s e s  i s  s l i g h t l y  generous. It is,  
t he re fo re ,   conc luded   tha t  i f  t h e   f l o w   d i s t r i b u t i o n   h e a t   e x c h a n g e r   c o r e   c o n -  
f i g u r a t i o n  i s  e x t e n d e d   t o   t h e   f l i g h t w e i g h t   r e c u p e r a t o r   d e s i g n ,   o v e r a l l  
p r e s s u r e   l o s s   f o r   t h i s   f l i g h t w e i g h t   r e c u p e r a t o r   a t   f l i g h t   c o n d i t i o n s   w o u l d  
be approx ima te l y  2 . 9  percen t .  The m a j o r i t y   o f   t h e   d i f f e r e n c e   b e t w e e n   t h e  
o r i g i n a l   d e s i g n   g o a l   o f  2.0 pe rcen t  and t h i s  2.9 p e r c e n t   i s  due t o   d e l i b e r -  
a te  des ign  changes and n o t   t o  a f a i l u r e   o f   t h e   t e s t   r e s u l t s   m e e t i n g   t h e  
p r e d i c t e d .  

S ince i t  was r e a l i z e d   t h a t   t h i s   i n c r e a s e   i n   p r e s s u r e   l o s s  may be  unac- 
c e p t a b l e   t o  NASA f u r t h e r   c o n s i d e r a t i o n  was g i v e n   t o   m e t h o d s   o f   r e d u c i n g   t o t a l  
p ressure   d rop .   These  methods   o f   reduc ing   p ressure   d rop   together   w i th   the  
f i n a l l y   s e l e c t e d   h e a t   e x c h a n g e r   c o n f i g u r a t i o n   a r e   d i s c u s s e d   f u r t h e r   i n  
S e c t i o n  8. 

102 



SECTION 10 

MECHANICAL DESIGN 

CONFIGURATION CHANGES 

Throughout the  foregoing  sect idns  o f   th is   repor t   var ious  aspects   o f   the 
heat  exchanger  mechanical  design  have been r e f e r r e d   t o   i n   t h e i r   r e l a t i o n s h i p  
to   the  spec i f ic   problem  under   d iscuss ion.  The o r i g i n a l l y   s e l e c t e d   h e a t  
exchanger r e s u l t i n g  from the  parametr ic   des ign  s tudy was a pure  counter f low 
p l a t e   f i n   u n i t .  A t  t he   t ime   o f   t h i s   se lec t i on ,   t he   hea t  exchanger  design 
incorporated 0.005 in .   th ick   Has te l loy   tube sheets, ho l l ow   s ta in less   s tee l  
header  bars, a l l   n i c k e l   f i n s   i n   t h e   c o u n t e r f l o w   c o r e  and e i t h e r   f i v e   f i n s  
p e r   i n .   o r   n o   f i n s   a t   a l l   i n   t h e   t r i a n g u l a r  end sections.  Through  the 
de ta i led   des ign   inves t iga t ions   a l l   o f   these  parameters  have changed. De ta i l ed  
invest igat ion  o f   the  ax ia l   conduct ion  problem  resul ted  in   the  rep lacement   o f  
t he   n i cke l   f i ns   w i th   s ta in less   s tee l .   Manu fac tu r ing   des ign   i nves t i ga t i ons  
fu r ther   revea led   tha t   the   use   o f   ho l low  s ta in less   s tee l   bars   wou ld   bo th  
increase  the  cost   of   the  recuperator  considerably and a lso  reduce i t s  s t ruc -  
t u r a l   i n t e g r i t y .  Therefore,  sol i d  bars have  been used f o r   t h e   f i n a l   d e s i g n .  

Perhaps the  major  mechanical  design  change  between  the o r i g i n a l l y  
se lected  core and the   un i t   wh ich   t o  be fab r i ca ted  i s  the  change from 0.005 in .  
th ick   Has te l loy   tube  sheets   to  0.008 in .   t h i ck   s ta in less   s tee l   t ube   shee ts .  
The o r i g i n a l   s e l e c t i o n   o f   H a s t e l l o y  "C"  was d iscussed  in  some d e t a i l   i n  
Section 5 .  However, when NASA reviewed  the  ef fects  of   changing  f rom  Hastel loy 
to  steel ,   they  decided  to  accept  the  weight  penal ty  in  favor  of   the  develop- 
ment cos t   reduc t i on   resu l t i ng   f rom  the  use o f   t h e  cheaper s t a i n l e s s   s t e e l  
mater ia l .  A s  grea te r   exper ience   ex i s t s   w i th   t he  use o f  s ta in less   s tee l ,   re -  
l i a b i l i t y  i s  improved by the use o f   t h i s   m a t e r i a l .  A t  t he   t ime   o f   t h i s   dec i -  
s ion,   the  stainless  steel   p late  th ickness  under  considerat ion was 0.006 in .  
Information  obtained  from  manufacturing  studies  in  another  program  for  the de- 
velopment o f  a pu re   coun te r f l ow   p la te   f i n   hea t  exchanger i n d i c a t e d   t h a t   d i f f i -  
cu l t i es   a re   encoun te red   i n   b raz ing  a recuperator i f  thin  tube  sheets  and  low 
numbers o f   f i n s   p e r   i n .   a r e  used i n   t h e   t r i a n g u l a r  end sect ions.   St ructura l  
and  pressure  considerat ions  determine  that   at   least  5 f ins  per   in .   should be 
used on bo th   s ides   o f   the   t r iangu lar  end sections,  but  manufacturing  considera 
t i ons   i nd i ca ted   t ha t   t h i s  was i n s u f f i c i e n t   t o  produce a r e l i a b l e   l e a k   t i g h t  
u n i t .   I n   t h e  above referenced  para1  le1  development program, attempts were 
made to  braze  cores  using 5 f i n s   p e r   i n .   i n   t h e  end sec t i ons   w i th  0.006 in. 
tube  sheets. Where th is   combinat ion was used  the  tube  sheets were, i n  many 
cases, drawn i n t o   t h e  spaces  between the  f ins   thus  forming a wavy edge to   t he  
p l a t e   w h i c h   d i d   n o t   r e s u l t   i n   t h e   s a t i s f a c t o r y   b r a z e   j o i n t  between the  tube 
sheet  and  the  header  bar i n   t h r  ad,iacent passage. Continuing  development  in- 
d i ca ted   t ha t   t he  minimum cornbinat io i ,   to  ensure  sat lsfactory  brazing was 0.008 
in.  thick  tube  sheets  and no less  than 10 f i ns   pe r   i n .   on   bo th   s ides   o f   t he  
t r i a n g u l a r  end sect ions.   Th is   conf igurat ion was, therefore,   adopted  for   the 
f i n a l   u n i t   d e s i g n .  

STRESS  ANALYSIS OF RECUPERATOR STRUCTURE 

I n   o r d e r   t o   e n s u r e   t h a t   s a t i s f a c t o r y   s t r u c t u r a l   i n t e g r i t y   w o u l d  be 
m a i n t a i n e d   i n   t h e   f i n a l   d e s i g n   u n i t   a t t e n t i o n  was d i r e c t e d   t o  two  areas  of 
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s t r e s s   a n a l y s i s .  These  two  areas o f   a n a l y s i s   a r e   p r e s s u r e   s t r e s s e s ,   p a r t i c -  
u la r l y   i n   t he   man i fo lds ,   and   t he rma l   s t resses .  

Pressure  Stresses 

The f i r s t   s t a g e   i n   t h e   p r e s s u r e   s t r e s s   a n a l y s i s   c o n s i d e r e d   t h e   o r i g i n a l  
man i fo ld   des igns  to  determine i f  t h e  shapes se lected  for   aerodynamic  purposes 
were  adequate  s t ructura l   des igns.  A s  a r e s u l t   o f   t h i s   s t r e s s   a n a l y s i s  
several  changes  were made t o   t h e   o r i g i n a l   m a n i f o l d   c o n f i g u r a ' t i o n s .   A e r o -  
d y n a m i c a l l y   t h e   o u t l e t   m a n i f o l d s   p l a y   l i t t l e   p a r t   i n   t h e   d e t e r m i n a t i o n  of 
f l o w   d i s t r i b u t i o n .   T h e r e f o r e ,   t h e   o r i g i n a l  box shape o u t l e t   m a n i f o l d s   w e r e  
changed t o   i n c o r p o r a t e   s e m i c i r c u l a r   r a t h e r   t h a n   r e c t a n g u l a r   c r o s s   s e c t i o n s .  
The r e q u i r e d   a e r o d y n a m i c   c o n f i g u r a t i o n   f o r   t h e   i n l e t   m a n i f o l d s   c o u p l e d   w i t h  
t h e i r   a s p e c t   r a t i o s   p r e c l u d e d   t h e   i m p l e m e n t a t i o n   o f   c i r c u l a r   e l e m e n t s .  
A n a l y s i s  showed t h a t   e l i p t i c a l   c r o s s   s e c t i o n s   w o u l d   r e q u i r e   a p p r o x i m a t e l y   t h e  
same e x t e r n a l   s t i f f e n i n g   a s  a rec tangu la r   c ross   sec t i on ;   t he re fo re ,   t he  
optimum  aerodynamic  box  shapes  were  retained.  Figure 55 showed t h e  full s i z e  
a c t u a l   m a n i f o l d s ,   c o n s t r u c t e d   f o r   t h e   f l o w   d i s t r i b u t i o n   t e s t .  The o u t l e t  
m a n i f o l d s  shown i n  t h i s  f i g u r e  have  the   semic i rcu la r   c ross   sec t ion   descr ibed.  
The l o w   p r e s s u r e   i n l e t   m a n i f o l d  shown i n   t h i s   f i g u r e  h a s   t h e   s t r u c t u r a l  
s t i f f e n i n g   r e q u i r e d   f o r   p r e s s u r e   c o n t a i n m e n t   w h i l e   m a i n t a i n i n g   t h e   a e r o -  
dynamica l l y   i dea l   box   con f igu ra t i on .  

To c o m p l e t e   t h e   p r e s s u r e   s t r e s s   a n a i y s i s   t h e   p l a t e   f i n   s t r u c t u r e  was 
checked f o r   s t r e s s e s  due t o   i n t e r n a l   p r e s s u r e   a t   o p e r a t i n g   t e m p e r a t u r e s .  
These  computed stresses  were  found  to  have a s a f e t y   f a c t o r   i n   e x c e s s   o f  5.0 
based  upon  the 10,000 hr s t ress   rup tu re   p roper t i es   o f   t he   hea t   exchanger  
m a t e r i a l   a t  maximum-normal operat ing  temperatures.  The heat  exchanger  core 
s t r u c t u r e  was a l s o   c h e c k e d   f o r   a n   e x t e r n a l   p r e s s u r e   c o n d i t i o n   o f  14.7 p s i a  
a t  room temperature  and w i th  the   app rop r ia te   des ign   i n te rna l   p ressu res  and 
was found t o  be s a t i s f a c t o r y .  

Recuperator  Thermal  Stresses 

The n o n l i n e a r i t y   i n   t e m p e r a t u r e   p r o f i l e   f r o m   t h e   h o t  end t o   t h e   c o l d  end 
of t he   hea t   exchanger   p roduces   t he rma l   s t resses   i n   t he   p la te   f i n   s t ruc tu re .  
I n   p a r t i c u l a r ,  each t r i a n g u l a r   s e c t i o n   a t   t h e  end o f   t h e   p u r e   c o u n t e r f l o w  
core i s  a t  a near ly   un i form  temperature,  whereas, t h e   c o u n t e r f l o w   c o r e   i s  
exposed t o  a l i n e a r   t e m p e r a t u r e   r i s e   f r o m   c o l d   t o   h o t  end. Any s t r u c t u r e  
i s  f ree   f rom  the rma l   s t resses   on l y  i f  the   f ree   thermal   expans ion   o f   every  
p o i n t   i n   t h e   s t r u c t u r e  can be w r i t t e n   a s  a l i n e a r  f i r s t  o r d e r   f u n c t i o n   o f  
i t s   C a r t e s i a n   c o o r d i n a t e s .  Any d i s p a r i t y   f r o m   t h i s   c o n d i t i o n   l e a d s   t o  a 
s t a t e   o f   i n t e r n a l   t h e r m a l   s t r e s s .  

Throughout   the   s t ress   ana lys is   conducted   on  t h i s  Bray ton   cyc le   recuper -  
a to r   cer ta in   assumpt ions   were   ma in ta ined and  these  assumpt ions   a re   l i s ted   on  
t h e   f o l l o w i n g  page. 
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a.   The  tempera ture   d i f fe rences   be tween  f lu ids   and  meta l  do not  cause 
s i g n i f i c a n t   s t r e s s e s  i n  t h e   p l a t e s ;   o r   e q u i v a l e n t l y ,   t h e r e   i s   n o  
t e m p e r a t u r e   v a r i a t i o n   i n   t h e   s t a c k   h e i g h t   d i r e c t i o n .  

b. The f i n s  do not h a v e   a n   a p p r e c i a b l e   e f f e c t   o n   t h e   p l a t e s   a s   f a r   a s  
thermal   s t resses  are  concerned.  

c. The c o u n t e r f l o w   c o r e   h a s   l i n e a r   t e m p e r a t u r e   g r a d i e n t   a l o n g   t h e  f low 
l e n g t h   a n d   n o   a p p r e c i a b l e   t e m p e r a t u r e   g r a d i e n t   i n   t h e   w i d t h .  

The i n i t i a l   a n a l y s i s   o f   t h e  two  dimensional   thermal  stress  problem 
i n v o l v e d   t h e   s o l u t i o n   o f  a s t r e s s   f u n c t i o n   t h a t   s a t i s f i e d   t h e   b i - h a r m o n i c  
p l a t e   d i f f e r e n t i a l   e q u a t i o n  w i th  f r e e   b o u n d a r y   c o n d i t i o n s   a l o n g   t h e   p l a t e  
edges. Th is   t ype   o f   p rob lem i s  f requen t l y   encoun te red   by   A iResearch   i n   t he  
m a n u f a c t u r e   o f   p l a t e   f i n   h e a t   e x c h a n g e r s  and  consequently a computer  program 
w r i t t e n   i n   F o r t r a n   f o r  a h i g h  speed d i g i t a l  computer was used t o   s o l v e  t h i s  
problem. 

I n i t i a l l y   t h e r m a l   s t r e s s e s   w e r e   c a l c u l a t e d   f o r   t h e   m o s t   e x t r e m e   t e m p e r -  
a t u r e   c o n d i t i o n   o f  926'R a t   t h e   c o l d  end  and 1685'R a t   t h e   h o t  end, which 
c o n s t i t u t e s  a t e m p e r a t u r e   d i f f e r e n t i a l   i n   t h e   m e t a l  o f  759'R. A 1 i m i t e d  
amount o f   h e a t   e x c h a n g e r   m a t r i x   r e s t r a i n t  was a l s o  assumed. Th is  i s  cons ide r -  
a b l y  more  severe  than  the  actual   worst   case. The r e s u l t i n g  maximum equiva-  
l e n t   s t r e s s   o f  34,800 p s i   o c c u r s   a t   t h e   c o l d  end o f   t h e   u n i t .   T h i s   s t r e s s  
s l i g h t l y  exceeds  the   loca l   y ie ld   s t rength ,   wh ich  will produce a small  amount 
o f  l o c a l   y i e l d i n g   o n   t h e  f i r s t  c y c l e   w i t h  no   adve rse   e f fec ts   on   t he   f a t i gue  
l i f e  o f  t h e   u n i t .   T h i s   i n d i c a t e d   t h e r m a l   s t r e s s   o f  34,800 p s i  when compared 
t o  a y i e l d   s t r e n g t h   o f  30,000 p s i  will n o t   j e o p a r d i z e   t h e   c y c l e  1 i f e   e x p e c t -  
ancy o f   t he   hea t   exchanger .  The r e c u p e r a t o r   t h e r m a l   s t r e s s   c y c l e   w i t h   t h i s  
peak   s t ress   va l ve  i s  shown i n   F i g u r e  65. W i t h   d u c t i l e   m a t e r i a l s   s u c h   a s  
s t a i n l e s s   s t e e l ,  a t o t a l   s t r e s s   r a n g e   e q u a l   t o   t h e   y i e l d   s t r e n g t h  will 
p r o d u c e   y i e l d i n g   o n   t h e  f i r s t  c y c l e   o n l y .  Upon r e t u r n i n g   t h e   u n i t   t o   u n i f o r m  
temperature a r e s i d u a l   s t r e s s  will remain i n   t h e   l o c a l   y i e l d i n g   r e g i o n   t h a t  
will be  equal t o   t h e   d i f f e r e n c e   b e t w e e n   t h e   i n d i c a t e d   s t r e s s  and t h e   l o c a l  
y i e l d   s t r e n g t h .   D u r i n g   s u b s e q u e n t   c y c l e s   o f  usage, t h e   r e s i d u a l   s t r e s s  will 
f i r s t  be re l i eved ,  and t h e   p a r t  will be  exposed o n l y   t o   t h e   y i e l d   s t r e s s  
w i t h o u t   f u r t h e r   p l a s t i c   f l o w   o f   m e t a l ,   a s   i l l u s t r a t e d   i n   F i g u r e  65. No 
p h y s i c a l  damage will occu r   t o   t he   recupera to r   du r ing   t he  0-1-2 p o r t i o n   o f  
t h e   f i r s t   c y c l e   o r   d u r i n g  any  subsequent  cycle.   Brazed  jo ints,   though  not 
as   duc t i l e ,   have  a h i g h e r   y i e l d   s t r e n g t h   t h a n   t h e   p a t e n t   m a t e r i a l .   I n  a1 1 
cases o f   d e s t r u c t i v e   t e s t i n g   o n   s t a i n l e s s   s t e e l   h e a t   e x c h a n g e r s   w h e r e  good 
braz ing   has  b e e n   o b t a i n e d ,   f a i l u r e   o c c u r s   w i t h   t h e   p a r e n t   m e t a l   n o t   a t   t h e  
b r a z e d   j o i n t .  

The s t r e s s   a n a l y s i s  was c o n t i n u e d   w i t h   u s e   o f  a more  accurate  meta l  
t e m p e r a t u r e   p r e d i c t i o n .   I n   t h i s   c o n t i n u e d   a n a l y s i s   a n   a v a i l a b l e   A i R e s e a r c h  
computer  program  "Matrix  Metal  Temperature" was used to   de termine   the   temper -  
a t u r e   d i s t r i b u t i o n   t h r o u g h o u t   t h e   u n i t .   T h i s   t e m p e r a t u r e   d i s t r i b u t i o n   i s  
shown i n   F i g u r e  66. A s s u m i n g   t h a t   c o n s t a n t   f l u i d   t e m p e r a t u r e s   e x i s t   i n   t h e  
t r i a n g u l a r  end sec t ions   the   meta l   tempera tures  o f  the  recuperators   change 
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DURING  THE [ S T  CYCLE, THE  PATH FOLLOWED WILL BE 0 - I - 2. ON A L L  
SUBSEQUENT CYCLES THE  STRESS-STRAIN  PATH  WILL BE 2 - 3 - 2, AND THE 
HEAT EXCHANGER WILL  BE WELL WITHIN THE ENDURANCE  STRENGTH OF THE 
COMPONENT. 

( f  + y) , = 30,000 P S I  
""" 

STRESS 

AT  UNIFORM TEMP. 
RESIDUAL STRESS - = 2  

ACTUAL STRESS 

2 - ""_ 
,I I 7 ACTUAL STRESS 

I 

/ 3 

STRAIN 

Figure  65. R e c u p e r a t o r   T h e r m a l   S t r e s s  Cycle 
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NOTES: 
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2. ALL  TEHPERATURES  ARE O F  
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F i  gure 66. Heat  Exchanger  Subdiv is ions and R e s u l t a n t  
Temperatures 
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from  approximately lO55'F a t   t h e   h o t  end to   approx imate ly  367OF a t   t h e   c o l d  
end. The tempera tu re   g rad ien ts   d i f f e r  from p o i n t   t o   p o i n t   a l o n g   t h e   f l o w  
length.  Depending  upon  the  degree o f   recupera tor   res t ra in t ,   the  maximum 
thermal   s t resses   resu l t ing   f rom  th is   tempera ture   d is t r ibu t ion  may be as  low 
as 1 / 4  of t h e   y i e l d   s t r e n g t h  f o r  no cons t ra in t s  o r  go beyond rup tu re   po in t  . 
f o r   comp le te l y   f i xed   cons t ra in t s .  

From the above descr ibed  temperature  d is t r ibut ion,   the two  dimension 
thermal  stress  computer  program was used to  determine  the  stresses. The 
maximum stresses and t h e i r   l o c a t i o n s   a r e   i l l u s t r a t e d   i n   F i g u r e  66 and are  
sumnarized  below. 

Yield  Rupture 
Hot Cold Stress Stress 
End End a t  Max a t  Max 

Max Tensi le  Stress,  Max Cmpr.   Stress 
p s i  

Temp , Temp,  Temp , Temp,  No F i xed No F i xed 
OF OF ps i   ps i   Const ra in t   Const ra in t   Const ra in t   Const ra in t  

1055 367 46,000 60,000 + I  7,300 +84,000 - 16,900 -2 I 1,000 

A s  indicated  by  the above, where no constraints  are  encountered,  the 
thermal  stress i s  on l y  1 /4  o f   t he   y ie ld   s t reng th  and, therefore, will cause 
no damage to   t he   hea t  exchanger.  This  case i s  c l ose ly  resembled by a heat 
exchanger w i t h  good expansion j o i n t s  between the  heat  exchanger  and  the  duct- 
ing. I n   t h e  case o f   abso lu te l y   f i xed   cons t ra in t s ,   t he   t he rma l   s t ress  i s  
w e l l  above the   rup tu re   s t ress .   Wh i le   abso lu te l y   f i xed   cons t ra in t  will not  
e x i s t ,   i n  a heat  exchanger w i t h  a large  temperature  gradient ,   p la te  buck l ing 
and s p l i t t i n g  between f i n  and p la te   cou ld   occur  i f  al lowances  are  not  made 
f o r  thermal  expansion. It i s ,  therefore, recommended tha t  no completely 
r i g i d  method of   mount ing be used for   th is   recuperator .   Should a l i m i t e d  
amount o f   r e s t r a i n t  be used  the  stress will f a l l  between t h e   f i x e d  and  no 
cons t ra in t  cases. This  i s  i l l u s t r a t e d  by the   va lues   ca lcu la ted   in   the  above 
descr ibed  pre l iminary  s t ress  analys is .  

Summarizing  the  result o f  the   s t ress   ana lys is   ind ica te   tha t   sa t is fac to ry  
s t r u c t u r a l   i n t e g r i t y  may be maintained  throughout  the  recuperator  providing 
tha t  no f i x e d  method o f  mounting i s  used. 

SUPPORT BRACKET DESIGN AND A N A L Y S I S  

This   task  requi red  that   the  env i ronmenta l   loads  spec i f icat ion be i n t e r -  
p r e t e d   i n   r e l a t i o n   t o   t h e  method of   mount ing  the  recuperator ,   the  locat ion 
of   the mount p o i n t s  and the   l oad ing   i n te rac t i on   w i th   o the r  components  through 
the  interconnect ing  ducts.  Hence, a carefu l   rev iew was  made o f   the   load  
speci f icat ion  to   determine  the  load  leve ls   that   should be used to   des ign   the  
brackets. The bracket   loca t ions  were spec i f i ed  by NASA Lewis, and the f i r s t  
phase of   the  analys is  was the   de terminat ion   o f   b racket   reac t ion   loads   a t   the  
mount po in ts .   Nex t   the   s iz ing  of the  brackets was carr ied  out ,  and t h i s  
requi red  match ing  the  a l ready  ex is t ing  recuperator   s t ructura l   des ign  a t   the 
spec i f ied  mount l o c a t i o n s   w i t h   r e s p e c t   t o   l o a d   i n t e n s i t y  and l o a d   d i s t r i b -  
u t i on .  A f i n a l   t a s k   t h a t  was ca r r i ed   ou t  was the  determinat ion  o f   a l lowable 
duct  loads  as  appl ied  to  the  recuperator by the  in terconnect ing  p ipes.  
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Data was not   prov ided  regard ing  magni tudes  and  d i rect ion  vectors   o f   these 
ex te rna l l y   app l i ed   f o rces  and m e n t s .   T h i s  work was accompl  ished by 
computing  the maximum permiss ib le   fo rces  and moments tha t   cou ld  be sa fe l y  
app l ied   to   the   recupera tor   a t   the   duc t   f lange  po in ts   w i thout   jeopard iz ing  
the  ducts,  support  brackets  or any c r i t i c a l   p a r t   o f   t h e   r e c u p e r a t o r .  

Env i ronmenta 1 I npu t  Loads 

The envi ronmenta l   spec i f icat ion  for   the  Solar   Brayton  Cyc le Space Power 
System was used to   de termlne   app l ied   load ings   a t   the  mount p o i n t s   o f   t h e  
recuperator. I n   r e a l i t y   t h e   s p e c i f i e d   i n p u t s   r e l a t e d   t o  a p a r t i c u l a r   l o c a -  
t ion   in   the   launch  veh ic le ,  and  these  inputs will be g r e a t l y   a l t e r e d  by 
t ransmiss ion  f rom  the  vehic le   s t ructure  through  the  suppor t ing  t russ  s t ructure 
and in to   the   recupera tor .  The size,  method of   mount ing and l o c a t i o n   o f   t h e  
o the r  components i n   t h e  power system will heavi ly  inf luence  the  response 
c h a r a c t e r i s t i c s   o f   t h e   e n t i r e  power system  as well   as  the  recuperator. It 
will there fore  be eventual ly  necessary  to  conduct a s im i la r   ana lys i s  on the  
whole  Solar  Brayton  Cycle Power System to  determine  the  structural   perform- 
ance o f   f h e   i n d i v i d u a l  components and the  system  taken  as a whole. The 
design and analysis  approach  that  was employed  on  the  recuperator  bracketry 
has l e d   t o  a r e a l i s t i c   b r a c k e t  design, and one i n  which  the  bracket  strength 
i s  we l l  matched to   the   overa l l   s t ruc tu ra l   s t rength   o f   the   recupera tor .  The 
systems work t h a t  must y e t  be carr ied  out   should  lead  to  a suppor t ing   t russ  
s t r u c t u r e  and p o s s i b l y   t o  a p r imary   i so la t ion   mount ing   concept   o f   the   en t i re  
t russ   t ha t  will not   ampl i fy   the  vehic le   appl ied  loads.  

On the  var ious  speci f ied  loads,  the  environmental   condi t ions due t o  
manufacture,  storage  and  transportation do not  inf luence  the  bracket  design. 
The launch, l i f t - o f f  and  boost  forces  produce  the  major  loads  on  the  recuper- 
a t o r  and therefore  the  brackets .  A r ig id   load   t ransmiss ion   f rom  the   veh ic le  
s t ruc tu re   to   the   recupera tor  mount po in ts  was assumed t o  be the most l o g i c a l  
s t a r t i n g   p o i n t   i n   t h e   d e s i g n .  The f o l l o w i n g   t e x t  was taken   d i rec t l y   f rom 
the  Environmental   Speci f icat ion No. POO55-I (Revision A - June 19, 1964), 
which was supp l ied   as   par t   o f   Mod i f i ca t ion  5 to   Contract  No. NAS3-2793 
(The paragraph numbers shown be low  a re   those  wr i t ten   in   the   spec i f i ca t ion) .  

2.2 Launch, L i f t - o f f ,  Boost 

The nonoperating  system  and components sha l l  be capab le   o f   w i th -  
standing  without  performance  impairment  the  fol lowing  simultaneous 
launch  loads  appl ied  at   the  system  mount ing  points and i n   t h e  
d i r e c t o r i e s  and  magnitudes spec i f ied :  

2.2. I Shock 

3 5  g shock a long each o f   t h r e e   m u t u a l l y  perpend 
one o f   t h e   f o l l o w i n g  wave shape  and pulse  t imes 

T r iangu la r   pu l se   o f  10 m i  1 1  iseconds.  Half 
mill iseconds.  Rectangular  pulse  of 5 m i  1 1  

c u l a r  axes w i t h i n  - 
s i n e   p u l s e   o f  8 
seconds. 
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2.2.2 V i b r a t i o n  

S i n u s o i d a l   i n p u t   a p p l i e d   a t   t h e   s y s t e m   m o u n t i n g   p o i n t s   a l o n g   e a c h  o f  
t h r e e   m u t u a l l y   p e r p e n d i c u l a r   a x e s  

16 - 100 CPS a t  6 g peak 

100 - 180 CPS a t  0.018 i n   d o u b l e   a m p l i t u d e  

I 80 - 2000 CPS a t  19.0 g peak 

2.2 .3  A c c e l e r a t i o n  

The nonoperat ing  system  and/or   each  o f  i t s  components  shal l  be 
c a p a b l e   o f   w i t h s t a n d i n g   e a c h   o f   t h e   f o l l o w i n g   c o m b i n a t i o n s   o f  
l o n g i t u d i n a l   a n d   l a t e r a l   a c c e l e r a t i o n s   f o r   f i v e   m i n u t e s   d u r a t i o n  
each . 

2.2.3.1 Max Q - 2 g ' s   l o n g i t u d i n a l  and 0 . 2 5  g ' s   l a t e r a l  

2.2 .3 .2  Max boos t   acce le ra t  
a c c e l e r a t i o n .  The long  
t h e   v e h i c l e  l i f t  o f f   a x  
will be exper ienced  dur  

i o n  - 4.6 g ' s   l o n g i t u d i n a l  and  no l a t e r a l  
i t u d i n a l   a c c e l e r a t i o n s   a r e   p o s i t i v e   a l o n g  
i s .  No n e g a t i v e   l o n g i t u d i n a l   a c c e l e r a t i o n  
ing   the   launch ing   phase.  

2 . 2 . 3 . 3   4 . 5  g - a l l   d i r e c t i o n s   i n   p l a n e   n o r m a l   t o  1 i f t  o f f   a x i s .  

The e f f e c t s  of  a c o u s t i c   n o i s e  will not   be  consequent ia l   because  the 
recupera to r  will be  an i n t e r i o r  component t h a t  will be i s o l a t e d   f r o m   t h e  
a c o u s t i c   e f f e c t s   b y   t h e   s u r r o u n d i n g   v e h i c l e   s h e l l   s t r u c t u r e .  The o r b i t a l  
o p e r a t i o n  will a l so   p roduce  shock, v i b r a t i o n  and  acce le ra t ion   loads ,   bu t  
these  a re   very   smal l  compared t o  launch, 1 i f t - o f f  and  boost   e f fects ,   and 
t h e y   d o   n o t   i n f l u e n c e   t h e   s t r u c t u r a l   d e s i g n   o f   t h e   r e c u p e r a t o r   o r   i t s   s u p p o r t  
brackets .  

Env i ronmen t a  1 App 1 i ed  Recupera t o r  Loads 

The p o s s i b i l i t y   o f   h a r d   m o u n t i n g   t h e   r e c u p e r a t o r   t o   t h e   s u p p o r t i n g  t 
s t r u c t u r e  was considered f i r s t .  The c a l c u l a t i o n s   o f   l o a d s   a p p l   i e d   t o   t h e  
r e c u p e r a t o r ,   a n d   t h e   s t r u c t u r a l   a n a l y s i s   o f   t h e   b r a c k e t   m o u n t s   a r e  shown I 

a n   a p p e n d i x -   t o   t h i s   r e p o r t   e n t i t l e d   " S t r e s s   A n a l y s i s  o f  Recuperator  Mount i  
and  System I n t e g r a t i o n   o f   S o l a r   B r a y t o n   C y c l e  Space Power  System."  Since 
a m p l i f i c a t i o n   f a c t o r s  due t o   v i b r a t o r y   i n p u t s   a r e   g e n e r a l l y   a s   h i g h   a s  IO 
a t  resonance  and  f requent ly  20 . o  I o r   h i g h e r ,   t h e  minimum  reasonable  desi 
load ing   wou ld  be IO x 6 g ' s  = 6.. g 's   (p rov ided  the   fundamenta l   resonant  
f requency  does  not  exceed 100 c p s .   A d d i n g   t o   t h i s   t h e   d i r e c t   t r a n s m i s s i o n   o f  
3 5  g ' s  shock  and  approximately 5 g ' s   a c c e l e r a t i o n ,   t h e   t o t a l  g load  on  a ha rd  
mounted u n i t   w o u l d   b e  100 g 's .  Then f u r t h e r   a s s u m i n g   t h a t   o n l y  two o f   t h e  
s u p p o r t   b r a c k e t s   w o u l d   c a r r y   l o a d   u n d e r   l a t e r a l   l o a d i n g   ( t h i s   r e q u i r e m e n t  i s  
a d i r e c t   r e s u l t   o f   t h e  need f o r   p r o v i d i n g   f o r   f r e e   t h e r m a l   e x p a n s i o n  of t h e  
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recuperator) ,   the  load  appl ied  to  each  bracket  would  exceed 25,000 l b .   Th is  
would be combined w i t h   l o n g i t u d i n a l   l o a d s   i n   e x c e s s   o f  15,000 lb.  These 
l o c a l i z e d   l o a d s   e x c e e d   t h e   s t r u c t u r a l   c a p a b i l i t y  of t h e   r e c u p e r a t o r   p l a t e - f i n  
s t r u c t u r e   i n   t h e   r e g i o n  of t h e   s p e c i f i e d   b r a c k e t   l o c a t i o n s .  Even i f  t h e  
brackets   were   loca ted   in   the   most   favorab le  mount p o s i t i o n s ,  it would  present  
a very  ser ious  design  problem. I n  summary t h e   d e s i g n   d i f f i c u l t y   a r i s e s  due 
t o  a c o m b i n a t i o n   o f   e f f e c t s   r e l a t e d   t o   t h e   s t r u c t u r a l   l i m i t a t i o n s  o f  t h i s  
type of  component  and the  extremely  severe  environmental   loads. 

It was concluded  that   an  isolat ion  mount ing  system  would  be  mandatory 
t o   p r e s e r v e   t h e   s t r u c t u r a l   i n t e g r i t y   o f   t h e   r e c u p e r a t o r ,  and t h a t   t h i s   c o u l d  
reduce  loads a t   t h e   r e c u p e r a t o r   b r a c k e t s   t o   t o l e r a b l e   v a l u e s .   A c u t a l l y   t h e  
e n t i r e  system will requ i re   so f t   mount ing   because  o ther  components i n   t h e  
system  such  as  the  turboal ternator   are much more s e n s i t i v e   t o  shock  and 
v i b r a t i o n   i n p u t s   t h a n   t h e   r e c u p e r a t o r .  The soundest  design  concept  would  be 
t o   i s o l a t i o n  mount t h e   e n t i r e   s y s t e m   r a t h e r   t h a n   p r o v i d i n g   i n d i v i d u a l   i s o l a t i o n  
mounting of system  components. T h i s   w o u l d   e l i m i n a t e   t h e   p o t e n t i a l   p r o b l e m   o f  
la rge   re la t i ve   d isp lacements   be tween components. 

The i s o l a t i o n  mounts will have t o  be  designed  to  accomnodate  loads  and 
displacements due to   bo th   shock   and   v ib ra to ry   i npu ts .   I so la t i on  i s  ob ta ined  
by des ign ing  the  resonant   f requency of t he  mounted  system t o   f a l l   i n   t h e   l o w  
inpu t   po r t i on   o f   t he   f requency - load   spec i f i ca t i on .   Fo r   t he   pu rposes   o f  
v i b r a t i o n   i n p u t ,  a na tura l   f requency  of 70 cps o r   l e s s   w o u l d  be acceptable.  
The 70 cps i s   s u f f i c i e n t l y   w e l l  removed from  the  increased  inputs  above 
100 cps   t o  keep the maximum app l ied   loads   on   the   recupera tor   w i th in   the  6 g 
i n p u t s   s p e c i f i e d   f o r   f r e q u e n c i e s  up t o  100 cps. The shock  load  pu lses  ca l led 
o u t   i n   t h e   s p e c i f i c a t i o n  will require  mount ing  system  f requencies  less  than 
30 cps t o   o b t a i n  some d e g r e e   o f   i s o l a t i o n   f r o m   t h e  shock  loads.  Progressively 
g r e a t e r   s h o c k   i s o l a t i o n   i s   a t t a i n e d  when the  resonant   f requency  o f   the 
v o u n t i n g   i s  l owered ,   bu t   t h i s   necess i ta tes   t ha t   p rov i s ions  be made t o  accommo- 

a te   t he   l a rge   re la t i ve   d i sp lacemen ts   be tween   the   moun t ing   s t ruc tu re  and the  
system  components. It was determined  tha t  a system  mount ing  f requency  of  
10 cps  would sa t i s f y   t he   va r ious   p rob lem  sou rces   c i t ed  above,  and t h a t   d i s -  
placement  requirements  would  not  exceed 2 inches. It was assumed t h a t   t h e  
S p e c i f i c a t i o n   c u t - o f f   p o i n t   o f  16 cps was n o t   e n t i r e l y   r e a l i s t i c ,  and t h a t  
i t  would  be  more  reasonable  to  consider  the  v ibratory  input  level   of  6 g ' s  
t o  a p p l y   t o   t h e  10 cps  f requency.   For   the  sof t   mount ing  concept   to  be 
e f f e c t i v e ,  i t  must a lso   p rov ide   adequate  damping to   p revent   excess ive   ampl i -  
f i c a t i o n   a t   t h e   r e s o n a n t   f r e q u e n c y .  A damping c o e f f i c i e n t   e q u a l   t o  20 percent  
o f   c r i t i c a l  damping was assumed which  would limit t h e   a m p l i f i c a t i o n   f a c t o r  
a t  resonance t o  2.5 t o  I .  The shock i s o l a t i o n   f a c t o r  was a l so   de te rm ined   to  
be 0.3 f o r   t h e   t h r e e   d i f f e r e n t  shock  pulse wave fo rms  de l   inea ted   in   the  
s p e c i f i c a t i o n .  Hence t h e   t o t a l   l o a d   f a c t o r   f o r  combined v i b r a t i o n ,  shock  and 
a c c e l e r a t i o n  i s :  

V i b r a t i o n  6 g X 2.5 = 15 g 
Shock 35 9 X 0.3 = 10.5 g 

4 .5  g x 1.0 = 4.5 q 
30 9 
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A 30 g l oad   vec to r   i n   t he   veh ic le   l ong i tud ina l   ax i s  will be combined with a 
30 g l o a d   v e c t o r   i n   t h e   l a t e r a l   d i r e c t i o n   t o   e s t a b l i s h   t h e  maximum loading 
on  each of   the  four   suppor t   brackets .  

Support  Bracket  React  ions 

Loads due t o   u n i t  I g vec to rs   a t   t he   f ou r   b racke ts  were computed f o r   t h e  
l o n g i t u d i n a l   v e h i c l e   a x i s  and f o r  each o f  two orthogonal  transverse  axes. 
The nomenclature for   these  three  axes a s  re la ted   t o   t he   recupera to r   o r i en ta -  
t i o n   i n   t h e   l a u n c h   v e h i c l e  i s  shown below: 

Recuperator  width  axis x I ( t ransverse)  

Recuperator  depth  (no  f low) x2 ( t ransverse)  

F low   ax i s   ( veh ic le   l ong i tud ina l )  x3 

The fou r   b racke t   s ta t i ons  have been denoted  as  brackets S I ,  S2, 5 3  and S b .  
The recuperator  duct   locat ions,   reference  coordinate  axes and the  support 
bracket   locat ions  are  depic ted on F igure  67. The suppor t s   p rov ide   f u l l  
r e s t r a i n t   f o r   a p p l i e d   l o a d s  and thermal  freedom of  expansion by u t i l i z i n g   t h e  
fol lowing  design  approach: 

Bracket S I  S l o t t e d   h o l e   i n   t h e  XI d i rec t ion .   Th is   b racket   p rov ides  
support f o r  long i tud ina l   fo rces  and f o r   t h e  x2 t raverse 
ax is .  

Bracket S 2  F u l l   r e s t r a i n t   i n   a l l   d i r e c t i o n s .   T h i s  becomes the 
re fe rence  po in t   fo r   a l l   thermal   expans ions .  

Bracket S3 An overs ize  ho le.  The bracket   suppor ts   ver t i ca l  loads, 
but  i t  prov ides   fu l l   thermal   g rowth  freedom i n   t h e  XI 

and x2 axes. 

Bracket S 4  Slo t ted   ho le   i n   t he  x2 d i rec t ion .   Th is   b racket   p rov ides  
suppor t   f o r   l ong i tud ina l   veh ic le   f o rces  and f o r   l o a d s   i n  
the  x I t ransverse  ax is .  

A tabulat ion  of   vector  load  diagrams  on each o f   t he   f ou r   b racke ts  due t o  
combined long i tud ina l   ( x3   ax i s )   w i th  each o f   t h e  two transverse  axes i s  
shown in   Tab le  7. 

Bracket  Stress  Analysis 

The d e t a i l e d   s t r e s s   a n a l y s i s  and design  approach i s  shown i n  Appendix E.  
The design  problem was p r i m a r i l y  one of   determin ing  bracket   he ight ,   w idth and 
permissible  overhang  dimensions  that  would keep the   l oad   i n tens i t y  on the 
r e c u p e r a t o r   p l a t e   f i n   s t r u c t u r e   w i t h i n   s a f e  l i m i t s .  The l i m i t i n g   l o a d i n g  
on   the   f ins  was determined  to be 250 ps i   compress ive   c rush ing   fo rce   to  
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D (NOT SHOWN) 7 

DUCT D - H I G H  PRESSURE OUTLET (COLD) 

b u s 7 4  -A 

F igure 6 7 .  Duct and Support Locat ions on Recuperator 
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TABLE 7 

LOAD RESULTANTS 

Support 
Statlon 

s2 

s3 

s4 

CASE I 
309 L W .  + 309 I N  XI A X I S  

F 3 4 2 9 0  LB 

Fl = 0 

FI = 0 

CASE 2 
3% L O M *  + 3% IN X2 A X I S  

. ~ ~ . -  

F, = 326 - 

F, = 326 
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prevent f i n   b u c k l i n g .  A doub le r   p la te   o f  0.100 in.   th ickness was determined 
t o  be needed t o   r e i n f o r c e   t h e  0.040 i n .   t h i ck   s ide   p la tes .  A bracket  base 
p l a t e   s i z e   o f  6 i n  x 8 i n  was requ i red   t o   a t ta in   t he   requ i red   des ign   l im i ta -  
t i o n   o n   f i n   c r u s h i n g   f o r c e .  The ana lys i s  was based  on a beam on  an e l a s t i c  
foundat ion  ca lcu lat ion,  and the   de ta i l s   o f   these  computa t ions   a re   p rov ided 
i n   t h e  appendix. The bracket  base p la te   th ickness  was establ ished  as 3/16 in. 
t o   p r o v i d e  a r i g id   l oad   f ounda t ion   f o r   t ransmiss ion   f rom  the  mount p o i n t s   t o  
the  recuperator  s ide  p lates.   Side  gusset  p lates  of  3/16 i n  were  used  as we l l  
as a re in fo rced   moun t ing   p la te   o f  3/8 i n .   t o   p r o v i d e   s t r u c t u r a l   c o n t i n u l t y  
and t o   o b t a i n   s a t i s f a c t o r y   s t r e s s   l e v e l s .  

- 0 Allowable  Duct L 

The duc t ing  
system will be a 
in   tu rn   p roduce 
adequate f l e x i b i  
and the  duct ing 

- ads 

in terconnect ions between the  recuperator and the   res t   o f   t he  
source   o f   load ing   a t   the   duc t   f lange  po in ts ,  and t h i s  will 
oads at   the  suppor t   brackets .  The: duc t i ng  will requ i re  
i t y   t o   p r o v i d e   f o r  thermal  growth  of  the  system components 

i t s e l f   a f t e r  system  start-up.  Since  the  system  layout  design 
has not  been f i rm ly   es tab l i shed  to   da te ,  i t  i s  des i rab le   t o   p rov ide   f l ange  
l o a d   l i m i t a t i o n s  based upon the  s t ructura l   s . t rength  o f   the  recuperator .  It 
will then  eventual ly be necessary  to  apply  these  loads as des ign   cons t ra in ts  
on  the  interconnect ing  duct ing  design. The assumptions  form  the  basis  of 
c a l c u l a t i o r s  o f  the  l imi t ing  duct   f lange  loads:  

I .  

2. 

3. 

4. 

5 .  

System s tar t -up  and opera t ion  does not   co inc ide  wi th   launch and 
1 i f t - o f f .  

Pressure  forces  a t   the  f lange  po ints  w i l  1 be due t o  a maximum 
p r e s s u r e   d i f f e r e n t i a l  of  13 ps i .  

The in te rconnect ing   duc ts  will be s e l f   s u f f i c i e n t   f o r   l a u n c h  and 
l i f t - o f f  loads,  i .e.  long  pipe  lengths  or heavy valves must not  
r e l y  upon the  f langes  for   the i r   so le   source  o f   suppor t .  

F lex ib i l i t y   i n   t he   f o rm  o f   expans ion   j o in t s   o r   p ipe   expans ion   l oops  
must be prov ided  in   the  in terconnect ing  ducts   to   cont ro l   f lange 
loads  induced by thermal  expansion. 

The al lowable  loads  determined  are 1 im i ta t ions   tha t   the   recupera tor  
can withstand. I f  these  loads  are  ref lected  back  into  the system, 
they may exceed t h e   c a p a b i l i t y  of o the r  system  components. I n   t h i s  
even t   t he   l im i ta t i ons  will be es tab l i shed by these  sens i t ive com- 
ponents, L.I~<: :y w i  1 1  be lower  than  recuperator  capabi 1 i t y .  

F igure  67 shbwed the  duct  locat ions.  The l i m i t i n g   s t r e s s   o f   t h e   d u c t s  
was taken t o  be the 10,000 hour   rup ture   s t ress   fo r  Type 347 s ta in less   s tee l  
a t  125OoF w i t h  a s a f e t y   f a c t o r   o f  2. Simultaneous  bending  and  torsional 
loads  were assumed to   occur   a t   the   f lange  po in ts .   Th is   a l lowed  ca lcu la t ion  
of   the  permiss ib le   bending and to rs iona l  moments a t  each duct  f lange. 
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The 1 i m i t i n g   a x i a l   f o r c e   a t  each  duct was determined from t h e  maximum pressure 
d i f f e r e n t i a l   m u l t i p l i e d   b y   t h e   d u c t  area. To  make an  a l lowance  for   the  poss i -  
b i l   i t y   o f   o v e r s i z e d   b e l l o w s   i n  each  duct  the  pressure  force was increased  by 
50 p e r c e n t   t o   a r r i v e   a t   a i r  upper bound 1 imi tat ion.   Since  al lowable  shear 
s t resses   a re   genera l l y   35  - 60 percent   o f   the   a l lowab le   d i rec t   s t resses ,   the  
permiss ib le   shear   load   a t  each f lange was taken  to  be  equal t o  60 percen t   o f  
t h e   d i r e c t  load.   Concurrent   appl   icat ion  o f   these  loads  a t   the  duct   f lange 
po in ts  was used to  determine  the  support   bracket  react ions.  The support  loads 
were  found t o  be much l'ower  than  the  launch  and l i f t - o f f   f o r c e s .  The a l lowab le  
loads  and moments a r e  shown i n  Table 8. 

TABLE 8 

ALLOWABLE  DUCT  FLANGE  LOADS 

Duct  Location I E f f e c t i v e  
Di rect ,  Shear, Torsion, Bending, Diameter, (See Fig. 71) 

Forces - 1 A l lowable Moments I Al lowable 
-~ 

in. I b  Ib 1 b- in. 1 b- in. 

A 
~ ~" 

6 5100 550 5100 
. " . .. ~ " "~ . 

B I400 19,500 19,500 11.7 

C 

550 330 5100 5100 6 D 

650 390 9060 9060 8 

RECUPERATOR I80636 FABRICATION 

The o v e r a l l   c o n f i g u r a t i o n   o f   t h e   f i n a l   r e c u p e r a t o r   i s  shown on  AiResearch 
Drawing 180636 i nc luded   w i th   t h i s   repo r t .  The physical  appearance o f   t h e  
man i fo lds   and   moun t ing   b racke ts   i s   c lea r l y   i l l us t ra ted   i n   F igu re  68. 

The f i na l   recupera to r   se lec ted   f o r   t he   So la r   B ray ton   Cyc le  System i s  a 
pure   counter f low  p la te - f in   heat  exchanger. T h i s   t y p e   o f   u n i t  i s  const ructed 
o f   m u l t i p l e - b r a z e d  sandwiches o f   p l a t e s  and  f ins.  The f l ow   con f igu ra t i on  
chosen f o r   t h i s   a p p l i c a t i o n   r e s u l t s   i n  a rectangular   counter f low  center   sect ion 
and two t r i a n g u l a r  end sec t i ons   t o   pe rm i t   en t r y  and e x i t   o f   t h e  two gas  streams 
from  the same face.  Al though  the  f ins  in each sec t ion  m y  be d i f f e r e n t  each 
p l a t e   i s  shaped to   cover  bo '- : r iangu lar  ends and  the  center  sect ion.  All 
s ta in less   s tee l   cons t ruc t i c  I .  used f o r  t h i s  u n i t  and  the   p la te   th ickness  
used i s  0.008 in .   wh i l e   t he   f i n   t h i ckness   t h roughou t   i s  0.004 in. The f i n s  
used fo r   t he   ho t   a rgon   f l ow   i n   t he   coun te r f l ow   co re  have 12 f i n s   p e r   i n c h   w i t h  
a h e i g h t   o f  0. I 78  in. The co ld   a rgon   f i ns   i n   t he   coun te r f l ow   co re  have 16 
f i n s   p e r  in. w i t h  a h e i g h t   o f  0.153 in .   Bo th   these  f ins   a re   o f fse t   per iod i -  
c a l   l y   i n   t h e   f l o w   d i r e c t i o n   f o r  improved  heat  transfer. The f i n s  used i n   t h e  
t r i a n g u l a r  end sec t ions   on   bo th   s ides   a re   p la in   rec tangu lar   and  they  have 
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1. All dimensions  for  installation  purposes  only. 

2. Shipping  covers  are  provided  for  all  openings. 
Tolerances  to be +, 0 6 ;  angles +_lo. 

Remove only at t ime of installation. 

L 
Start ing  dlmensio  l ineZ 
(@e of sldeplate) 

Recuperator  outline,  Brayton cycle 180636 



F i g u r e  68. F i n a l   R e c u p e r a t o r  180636 F-65LI 
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I O  f i n s   p e r   i n c h .  The tube  p la tes   and  header   bars   (wh ich   p rov ide   c losure  o f  
the   sandwiches)   a re   coa ted   w i th  a n i c k e l   b a s e   b r a z e   a l l o y   p r i o r   t o   s t a c k i n g .  
The i n d i v i d u a l   p l a t e s ,   f i n s   a n d   b a r s   a r e   t h e n   s t a c k e d   I n  a f i x t u r e   w h i c h   r e m a i n s  
i n t e g r a l   w i t h   t h e   c o r e   t h r o u g h   b r a z i n g .  The core  i s  pressure  loaded  through 
t h e   f i x t u r e   t o   m a i n t a i n   p r e s s u r e   i n   t h e   s t a c k   h e i g h t   d i m e n s i o n   d u r i n g   b r a z i n g .  

The f i n a l   c o n f i g u r a t i o n  o f  t h e   r e c u p e r a t o r   i s  a f a c e   a s p e c t   r a t l o  of 2.25 
w h i c h   r e s u l t s   i n  a w i d t h   o f  17.5 in.  and a t o t a l   s t a c k   h e i g h t   o f   a p p r o x i m a t e l y  
39.7 in.  The coun te r f l ow   cen te r   sec t i on   has  a f low l e n g t h  o f  7 . 8 9  i n .   w h i l e  
t h e   o v e r a l l   l e n g t h  o f  t h e   c o r e   i s  14.94 in.  (one 5 i n .   h i g h   t r i a n g u l a r  end  and 
one 2.05 in.  high  end). With t h i s   l a r g e   s t a c k   h e i g h t   t h e   c o r e   i s   b r a z e d   i n  
th ree   separa te   modu les   as   i l l us t ra ted  i n  F i g u r e  69. T h i s   f i g u r e   a l s o  shows 
the   moun t ing   b racke t   p rov i s ions   wh ich   a re   b razed  to the  core  .s ides.  

Final   assembly o f  the  heat  exchanger f i r s t  welds  the  three  cores  toge 
then  adds  the  four   mani fo lds and the  mount ing  brackets .  The b a s i c   c y l i n d r  
c o n f i g u r a t i o n   o f   t h r e e   o f   f o u r   m a n i f o l d s   a v o i d s   t h e   r e q u i r e m e n t  o f  any  add 
t i o n a l   s u p p o r t   s t r u c t u r e .  The s u p p o r t i n g   r i b s  used  on  the  rectangular  
shaped h o t   s i d e   ( l o w   p r e s s u r e )   i n l e t   d u c t   a r e  shown i n   F i g u r e  68. 

ther ;  
i c a  1 
i- 

START-UP  RECOMMENDATIONS FOR THE  RECUPERATOR 

The recuperator  proper  ( i .e. ,   p lates,   f ins,   header  bars  and  pans) i s  fab- 
r i c a t e d   o f   m a t e r i a l  gauges  which  are  compat ib le;   thusly,   severe  temperature 
g rad ien ts   wh ich   m igh t   resu l t   i n   excess i ve   t he rma l   s t resses   a re   i nhe ren t l y  
avoided. 

The  mounting  brackets,  however,  which  were  designed t o  meet NASA s p e c i f i e d  
launch  and f l i g h t   e n v i r o n m e n t a l  loads, a r e   f a b r i c a t e d   o f   s u b s t a n t i a l l y   h e a v i e r  
m a t e r i a l .   T h i s   d i s p a r i t y   i n   m e t a l   t h i c k n e s s ,   t h o u g h   p e r f e c t l y   s u i t a b l e   f o r  
slow s t a r t - u p  machines  such  as t h i s   B r a y t o n   c y c l e  system, r e q u i r e s   t h a t   c e r t a i n  
p recaut ions  be e x e r c i z e d   d u r i n g   s t a r t - u p   i n   o r d e r   t o   a v o i d   t h e r m a l   s t r e s s   p r o b -  
lems.  Previous  analyses  on  similar  heat  exchangers,  combined with a c t u a l   t e s t  
and o p e r a t i o n a l   e x p e r i e n c e ,   i n d i c a t e   t h a t   s a f e   o p e r a t i o n   o f   t h i s   r e c u p e r a t o r  
i s  assured i f  the   tempera ture   d i f fe rence  be tween  the   recupera tor   and  b racket  
e x t r e m i t i e s  does  not  exceed 20OoF. 

An a n a l y s i s  was pe r fo rmed   to   de te rm ine   t he   requ i red   s ta r t -up   cha rac te r -  
i s t i c s .  Based on t h i s   a n a l y s i s ,  i t  i s  recommended tha t   du r ing   sys tem  s ta r t -up  
t h e  gas  temperature  should  be  increased  in  100°F increments  and a minimum t i m e  
o f  25 min  be  al lowed  between  step  increases. The a n a l y s i s   w h i c h   i n d i c a t e d   t h e  
25 min   t ime   pe r iod  assumes t h a t   t h e   a r g o n   d e s i g n   p o i n t   f l o w  w i  1 1  be  passing 
th rough  the  un i t  th roughou t   t he   s ta r t -up   pe r iod .  The a n a l y s i s   a l s o  assumes 
t h a t  only t h e  mass o f   t h e   b r a c k e t s   i s   b e i n g   h e a t e d .  I f  these   b racke ts   a re  
a t t a c h e d   t o  much a largc r mass w i t h o u t   t h e r m a l   i n s u l a t i o n ,   t h e   t i m e   f o r  temp- 
e r a t u r e   s t a b i l i t y   i s   i n c  -eased.  To  ensure  safe  operat ion,   regardless  of  
mounting  arrangement  and  temperature  increase, it i s  suggested  that  thermo- 
coup les   be   a t tached  to   the   core  and  brackets ,   and  the  temperature  d i f ference 
between the  two  kept   be low 200°F a t  a1 1 t imes. 
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Figure 69.  Three-Module  Core 
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SECTION 8 

PRESSURE DROP REDUCTION STUDIES 
AND FINAL DESIGN SELECTION 

The r e s u l t s   o f   t h e  flw d i s t r i b u t i o n   t e s t   d e s c r i b e d   i n   S e c t i o n  6 pro- 
v ided a comple te   eva lua t ion   o f   the   p re l im inary   se lec ted   heat  exchanger  design. 
The sumnary o f   t h e   r e s u l t s   o f   t h i s   t e s t  program i s   g i v e n   i n   F i g u r e  :70. This  
sumnar i t i ng   f i gu re  shows tha t   wh i le   sa t is fac to ry   heat   t rans fer   per fo rmance 
was achieved  the  f ina l   des ign  test   pressure  drop was considerably   greater  
than  the  design  goal   of  2.0 percent. It must  be  emphasised t h a t   t h e   m a j o r i t y  
o f   t h i s   d i f f e r e n c e   i s  caused  by  design  changes  rather  than  by  variance from 
the  p red ic t ion .  Owing to   th is   cons iderab ly   g rea ter   p ressure   d rop   than  the  
design  goal  AiResearch  conducted a b r i e f   s t u d y   t o   d e t e r m i n e  methods o f   r e -  
ducing  th is  pressure  drop. 

PRESSURE DROP STUDIES 

There  are  various methods a v a i l a b l e   t o  reduce  the  overal l   pressure  drop 
i n   t h i s   t ype   o f   recupera to r .  The most  obvious method o f   o b t a i n i n g   t h i s   r e -  
duc t i on   i s   t o   s imp ly   i nc rease   t he   s i ze   o f   t he   hea t  exchanger  core t o  reduce 
the  pure  counter f low  core  losses.   Associated  wi th   the  increase  in   heat  
exchanger s i ze  i s  a de f in i te   we igh t   pena l ty .   Other  methods  which may be 
considered  are  to  change  the  aspect r a t i o   o f   t h e   p u r e   c o u n t e r f l o w   s e c t i o n  
face  area. I n   t h i s   i n s t a n c e  no pressure  loss  or  weight changes arc  encoun- 
tered  in   the  pure  counter f low  sect ion,  however, subs tan t ia l   reduc t ions   in  
pressure loss can be achieved i n   t h e   t r i a n g u l a r  end sect ions.   Further  ex- 
t e n s i o n   o f   t h i s   r e d u c t i o n   i n   t r i a n g u l a r  end sect ion  losses i s  the  use o f  
a s p l i t  end d e s i g n   i l l u s t r a t e d   i n   F i g u r e  71.1 Each o f   t h e s e   p o s s i b i l i t i e s  
was inves t iga ted  and the  resul ts   o f   the  candidate  des igns  are summarized 
i n  Table 9. 

For each o f   t he   t h ree   d i f f e ren t   aspec t   ra t i o   des igns  shown i n   t h i s  
table, two solut ions  are  presented. The d i f f e rence  between  these  two  solu- 
t i ons  i s  i n   t h e  degree o f  pressure  drop  unbalance  allowed  between  the  hot 
and co ld  ends o f   the   recupera tor .  As s ta ted   in   Sec t ion  4 and Section 6 
the   recupera to r   des ign   u t i l i z i ng  unequal s i z e   t r i a n g u l a r  end sect ions was 
der ived   to   p rov ide   the  most u n i f o r m   f l o w   d i s t r i b u t i o n   w i t h i n   t h e   h e a t  ex- 
changer. However, t o   o b t a i n   t h i s   u n i f o r m  flow d i s t r i b u t i o n ,   p e n a l t i e s  
were pa id   in   inc reas ing   the   p ressure   losses   in   the   co ld  end t r i a n g l e .  To 
a v o i d   c o n f u s i o n   i n   t h e   d e f i n i t i o n   o f   h o t  and co ld  ends F igure 72 i s  in-  
cluded. From the  invest igat ions  conducted  to   prov ide  un i form flw d i s t r i -  
b u t i o n  i t  was decided  that  sme  degree  of  pressure  drop  unbalance  would  be 
acceptable  to  obtain  lower  pressure  drops.  This compromise in   p ressure  
drop  unbalance fo r   the   re fe rence  des ign  i s  i l l u s t r a t e d   i n   t h e   t a b l e .  I f  
the  best  possible  pressure  drop  balance i s  obtained between the  hot  and 
co ld  t r iangles  the  est imated  overa l l   pressure loss f o r  the  heat  exchanger 
i s  2.836 percent. In   the   ac tua l   re fe rence  des ign   se lec ted  a unbalance 
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HEAT TRANSFER 

PRESSURE DROP 

PREDICTED  TEST 

HOT S I D E  (LOU PRESS) 

COUNTERFLW CORE 0 .5  

TRIANGULAR EN0 SECTIOWS 

OVERALL  CORE 0.922 I .245 

COLD S I D E  (HIGH PRESSL 

CWnTERFLOU CORE 0.202 

T a x A n c u u n  EM) SECTIO~S 

OVERALL CORE I .CUI I .25 

!jNiIFOI DX 0 .4  

O V E M L L  clr 

- 
- 

COLD SIDE O V E M L L  CORE LOSSES  INCREASE  BY 1 . 2  

H O T   S I D E   O V E M L L  CORE LOSSES  INCREASE B Y  I .35 

F igure 70. Comparison of   Predicted and Test  Performance 



HOT GAS I N  

COLD GAS COLD GAS OUT 

HOT GAS OUT 
I 

HOT GA! 

COLD GAS I N  
A 
; OUT 
- I  5232 
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Counter F 1 ow 
Core D imens i ons 

(Width x Stack  Height  
x Flow  Length) 

i n .  

26.1 x 26.1 x 7.98 

26.1 x 26.1 x 7.98 

17.6 x 39.6 x 7.98 

17.6 x 39.6 x 7.98 

13.05 x 52.2 x 7.98 

13.05 x 52.2 X 7.98 

NOTE : 

Face  Aspect 
R a t i o  

I .o 

I .o  

2.25 

2.25 

4 .0  

4.0 
I 

TABLE 9 

SUMMARY OF  RECUPERATOR PRESSURE DROPS 

End Sec t ion  
He i ghts 

-G-" 
in. - 

7.0  

4.0 

5 .0  

3 . 0  

5.0 

3 .5  

2.25 

2.0 

2.05 

I .5 

2.0 

I .6 - 

Degree o f   P ressu re  
Drop Unba 1 ance 

+ 

Approx 30% 

Best 

Approx 30$ 

Best 

Approx 30% 

Best 

E f fec t i veness  

0.9 

0 .9 (  +) 

0.9 

0.9( +) 

0.9 

0.9( +) 

Pressure  Drop Gzz+Z= 
Percent 

2.591 

2.836 . 

2.865 

2. I I7 1.951 

I .994 I .863 

2.640  2.380 

2.286 2.092 

3.214 

I .  

2. 

3 .  

+For f l o w   d i s t r i b u t i o n ,  end sec t i on   p ressu re   l osses   (ho t   t o  co1,d) should  be  balanced.  "Best," 
ind ica tes   the   bes t   ba lance  wh ich  may be  achieved. ' ~ A ~ ~ ~ ~ ~ .  30%," i nd ica tes   the   degree  o f  
unbalance  accepted t o  reduce  pressure  drop. 

WBased  on  resul ts   o f   both  heat   exchanger   core and man i fo ld   t es ts .  

*For s p l i t  end conf igurat ion,   would  increase  by  approx imate ly  I O  I b   f o r  4.0 aspect   ra t io   face .  

All weights  based on 0.008 i n .   p la tes ,  0.004 i n .   f i n s  and s o l i d   h e a d e r   s t r i p s .  

(+) a f t e r   e f f e c t i v e n e s s ,   i n d i c a t e s   t h a t   w i t h   t h e   b e t t e r   f l o w   d i s t r i b u t i o n   ( p r e s s u r e   d r o p  
b a l a n c e )   s l i g h t l y   h i g h e r   e f f e c t i v e n e s s  may be  achieved. 

Weight 
l b  - 

392 

359 

388 

360 

381- 

36OW 



ARGON OUT 
( TO  RADIATOR)  

A- (1751 

Figure  7 2 .  Recuperator Flow Schematic 
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o f   a p p r o x i m a t e l y  30 p e r c e n t  was s e l e c t e d   a n d   t h i s   r e d u c e d   t h e   o v e r a l l  
p r e s s u r e   l o s s e s   t o  2.591 percent.   This  compromise was ob ta ined  by   inc reas-  
i n g   t h e   h e i g h t s   o f   b o t h   t r i a n g u l a r  ends,  as shown i n   t h e   t a b l e .  A s l i g h t  
w e i g h t   p e n a l t y  was a l s o   a c c e p t e d   t o   a c h i e v e   t h i s   l o w e r   p r e s s u r e   d r o p .  

As c l e a r l y   i n d i c a t e d   b y .   t h e   t e s t   r e s u l t s   t h i s   d e g r e e   o f   p r e s s u r e   d r o p  
u n b a l a n c e   i n   t h e   r e f e r e n c e   d e s i g n   s t i l l   p e r m i t t e d   t h e   a c h i e v e m e n t   o f   t h e  
r e q u i r e d  0.9 e f fec t i veness .   Consequent ly ,   as   the   heat   exchanger   con f igur -  
a t i o n s   w e r e   v a r i e d ,   s o l u t i o n s   w e r e   d e t e r m i n e d   f o r   b o t h   t h e   b e s t   p o s s i b l e  
p ressure   d rop   ba lance and f o r   t h e  same degree  o f   unba lance  used  in   the  
re fe rence  des  i gn. 

I n   a d d i t i o n   t o   t h e   c a n d i d a t e   d e s i g n s  shown i n  Table 9 c o n s i d e r a t i o n  
was a l s o   g i v e n   t o   d e c r e a s i n g   t h e   p r e s s u r e   l o s s e s   i n   t h e   p u r e   c o u n t e r f l o w  
sec t ion   o f   the   core .   Core   des igns   were   p repared  wh ich   reduce  the   p ressure  
l o s s e s   i n   t h e   c o u n t e r f l o w   c o r e   f r o m   t h e   p r e s e n t   v a l u e   o f  0.71 p e r c e n t   t o  
0.42 percent   and  to   0 .28   percent .  It was de te rm ined   tha t   t o   reduce   t he  
o v e r a l l   p r e s s u r e   l o s s e s   t o   2 . 0   p e r c e n t   b y   s i m p l y   a l l o w i n g   t h e   c o u n t e r f l o w  
c o r e   t o   i n c r e a s e   i n   s i z e ,   t h e   c o u n t e r f l o w   c o r e   p r e s s u r e   d r o p   s h o u l d   b e  
approx imate ly   0 .35  percent .   Th is   approach  should  not   be  cons idered  as a 
r e a l i s t i c  method o f   o b t a i n i n g   t h e   r e q u i r e d   r e d u c t i o n   i n   p r e s s u r e   d r o p   a s  
a v e r y   s u b s t a n t i a l   w e i g h t   p e n a l t y  i s  a s s o c i a t e d   w i t h   t h i s   c h a n g e .  From 
the   des igns   p repared i t  i s   e s t i m a t e d   t h a t   t h e   w e i g h t   p e n a l t y   i n v o l v e d   i n  
t h i s   t y p e   o f  change  would  be  from 100 t o  150 l b s .  

A n   e x a m i n a t i o n   o f   t h e   i n f o r m a t i o n   p r e s e n t e d   i n   T a b l e  9 c l e a r l y   i n d i -  
c a t e s   t h a t   i n   o r d e r   t o   r e d u c e   t h e   o v e r a l l   p r e s s u r e   d r o p   t o  2.0 p e r c e n t   t h e  
a s p e c t   r a t i o   o f   t h e   p u r e   c o u n t e r f  l o w  core  face  must  change  f rom I .O ( square  
f a c e )   t o  a v a l u e   o f   a p p r o x i m a t e l y  4.0  (app rox ima te l y  13 by  52  in . ) .  A 
second means o f   o b t a i n i n g   t h i s  reduced  pressure  drop i s  t he   use   o f   t he  
s p l i t  end  design,  which i s  e s s e n t i a l l y   t h e  same as  the 4.0 a s p e c t   r a t i o  
w i t h  t w o   h a l v e s   o f   t h e   c o r e   p l a c e d   s i d e   b y   s i d e .  The 4.0 a s p e c t   r a t i o  
i n t r o d u c e s   m a n i f o l d   f l o w   d i s t r i b u t i o n   p r o b l e m s   a n d   w o u l d   a l s o   r e s u l t   i n  
a l ess   conven ien t   packag ing   con f igu ra t i on .   A t ten t i on   i s ,   t he re fo re ,   d rawn  
t o   t h e   s o l u t i o n   w i t h   t h e   a s p e c t   r a t i o   o f   2 . 2 5   p e r c e n t   ( c o u n t e r f l o w   f a c e  
dimensions o f  17.6 by 39.6 i n . ) .   U t i l i z i n g   t h e   d a t a   a v a i l a b l e   f r o m   t h e  
t e s t   p r o g r a m   t h e   o v e r a l l   p r e s s u r e   l o s s   o f   t h i s   c o n f i g u r a t i o n  i s  es t ima ted  
t o  be   approx imate ly  2.3 p e r c e n t .   T h e r e   i s   n o   w e i g h t   p e n a l t y   i n v o l v e d   i n  
t h i s   d e s i g n ,   i n   f a c t ,  a sma l l   we igh t   reduc t i on   i s   ach ieved  and the   face  
d i m e n s i o n s   o f   t h i s   c o r e   s h o u l d   n o t   i n c r e a s e   t h e   m a n i f o l d   f l o w   d i s t r i b u t i o n  
prob 1 ems app rec i ab 1 y. 

FINAL D E S I G N  SELECTION 

A t  t h e   c o n c l u s i o n   o f   t h e   a b o v e   d e s c r i b e d   p r e s s u r e   d r o p   s t u d i e s ,   T a b l e  9 
was p r e s e n t e d   t o  NASA and i t  was r e c o m e n d e d   t h a t   f i n a l   s e l e c t i o n   b e   t h e   t h i r d  
s o l u t i o n   o n   t h i s   t a b l e .   T h i s   i s  a hea t   exchanger   co re   w i th  a f a c e   a s p e c t   r a t i o  
o f  2.25 and w i t h   a n   o v e r a l l   p r e s s u r e   l o s s ,   b a s e d   o n   t h e   r e s u l t s   o f   t h e   t e s t  
program, o f  2.286 pe rcen t .  The e s t i m a t e d   w e i g h t   o f   t h i s   u n i t   i s  388 l b  and i t  
has t h e  same degree of p r e s s u r e   d r o p   u n b a l a n c e   u s e d   i n   t h e   f l o w   d i s t r i b u t i o n  
t e s t   u n i t .  A breakdown o f   t h e   p r e d i c t e d   a n d   t e s t   p r e s s u r e   l o s s e s   f o r   t h i s  

' f i n a l l y   s e l e c t e d   c o n f i g u r a t i o n   a r e   g i v e n   o n   T a b l e  I O .  
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TABLE 10 

PRESSURE LOSSES  FOR FINAL RECUPERATOR CONFIGURATION 

Hot Side(Low Pressure1 

Counterf  low  core 

Tr iangu lar  end sect ions 

Overa 1 1 core 

Cold  Side  (Hiqh  Pressure1 

Counterf  low  core 

Tr iangu lar  end sect ions 

Overa l l   core  

Mani fo lds 

Overa l l  Heat Exchanger 

Predfc ted $ 

0.5 
0.348 
0.848  0.848 
- 

0.198 
0.4  I9 

0.617  0.617 

0.628  0.628 

2.093 

- 

- 
- - 

Test" $ 

I. 144 

0.742 

0.4 

2.286 - - 
"Change in   pressure  losses  f rom  predic ted  to   test  based  on 

data  f rom  f low  d is t r ibut ion  test   program  descr ibed  in   Sect ion 
6. 

This  was, i n   f ac t ,   t he   un i t   se lec ted  by NASA. AiResearch  Drawing 180636 
shcws the   ove ra l l   d imens ions   o f   t h i s   f i na l l y   se lec ted   hea t  exchanger.  This 
out l ine  drawing i s  inc luded  w i th   th is   repor t .  
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SECTION 9 

RECUPERATOR ACCEPTANCE TEST 

The f i n a l  task,   as  required  contractual ly,  was the  performance  of a 1 im i ted  
acceptance,  test  on the   f ina l   con f igura t ion   recupera tor .  The ove ra l l   con f i gu ra -  
t i o n   o f   t h e   f i n a l   r e c u p e r a t o r  was discussed  in  Sect ion 8. The purpose  of  the 
acceptance  test  was t o   o b t a i n   i n f o r m a t i o n  on the   ove ra l l   hea t   t rans fe r  
per formance  capabi l i t ies   o f   the  recuperator  and to   de te rm ine   t he   ove ra l l  
pressure  losses  a t   equiva lent   des ign  pressure and gas f l o w   r a t e  and a t  1/2 
and 2 t imes  the  des ign  po int .  

TEST SETUP 

The test   setup  for   the  heat   t ransfer   per formance  test  i s  shown schemati- 
c a l l y   i n   F i g u r e  73 and pho tog raph ica l l y   i n   F igu re  74. 

The tes t   se tup  on the  hot  s ide  included a h o t   a i r  source, a flow regu- 
l a t i n g  valve,   laboratory  in let   and  out let   ducts,  a mix ing  box  and a back 
pressure  valve. The tes t   se tup  on the  cold  s ide  included  an  ambient temp- 
e r a t u r e   a i r  source, a f l o w   r e g u l a t i n g  valve, i n l e t  and o u t l e t   l a b o r a t o r y  
ducts, a mixing  box  and a back  pressure  valve. 

The a i r  f lows  were  measured  by  cal ibrated  or i f ice  measur ing  sect ions,  
upstream  of  the  heat  exchanger.  Pressures  were  measured  by manometers and 
pressure  drops  by  incl   ined manometers. Temperatures  were  measured  by the r -  
mocouples, connected t o  a direct  reading  potentiometer.  Four  thermocouples 
were p l a c e d   a t   t h e   h o t   s i d e   i n l e t  and f o u r   a t   t h e   o u t l e t  and two thermocouples 
were p laced  a t   the   co ld   s ide   in le t   and tWo a t   t h e   o u t l e t .  The u n i t   o u t l e t  temp- 
e ra tu re  was calculated  by  adding  the  mixing box  temperature  loss t o   t h e   m i x i n g  
box outlet  temperature.  Mixing  boxes were  necessary t o  use i n   t h i s   t e s t i n g  
s ince   t he   un i t   ou t l e t   t empera tu re  i s  not  uniform,  inherent t o   t h e   t r i a n g u l a r  
end sec t ion  design,  and  even a number of  thermocouple  readings  would  not  be 
s u f f i c i e n t l y   a c c u r a t e   t o   o b t a i n   t h e  mixed mean out let   temperature  of   the 
u n i t .  

The pressure  taps  and  the  thermocouples  were  located  two  inches  upstream 
and four  inches downstream o f   t h e   u n i t   i n l e t  and o u t l e t  f langes,  respectively. 

The t e s t   u n i t  was insu la ted   w i th   Ref ras i l   insu la t ion   as  shown on 
F igure  74. 

The tes t   se tup   fo r   the   i s (> thermal   p ressure   d rop   tes ts  was i d e n t i c a l   w i t h  
that   of   the  performance  tests  except  only one s i d e   o f   t h e   t e s t   u n i t  was i n  
o p e r a t i o n   a t  a time. The pressure  drops  for   the  isothermal  pressure  drop  tests 
were  measured  by  micromanometers. 

TEST PROCEDURE 

The recuperator was placed i n  the  test  setup  and was subjected to the  per- 
formance tests. The tes t   cond i t i ons   a t   rep resen ta t i ve   t es t   po in ts   a re  shown 
on  Table 1 1 .  
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Figure  73. Schematic  Diagram,Heat  Transfer  Performance  Test  Setup 
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TABLE I I 

SAMPLE  TEST CONDITIONS 

Hot Flow, lb  per   min 

Cold Flow, Ib per  min 

Hot I n l e t  Temperature, OF 

Cold I n l e t  Temperature, OF 

Hot I n l e t  Pressure,  in. HgA 

Cold I n l e t  Pressure,  in. HgA 

- 2 07 

23.7 

22.5 

644 

93 

43.5 

59.3 

Run  Number 

- 404 

1 1 . 1  

12.0 

62 9 

75 

36.8 

44.5 

TABLE 12 

TYPICAL TEST DATA 

- 405 

46.5 

45.5 

653 

76 

57.4 

86.2 

408 

22.9 

23.4 

81 I 

75. 

43.5 

57.6 

- - 

I I I I I I 1 I 
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A t  each t e s t   p o i n t   c o n d i t i o n   a t   l e a s t   t h r e e   s e t s   o f   d a t a  was t a k e n   a f t e r  
es tab l i sh ing   s teady-s ta te   cond i t ion .  

The isothermal  pressure  drop  tests  were  run wi th ambient  temperature 
a i r  on both  s ides  o f   the  recuperator .  

TEST  RESULTS 

As ind ica ted  above, the  purpose  of   the  acceptance  tests was t o   v e r i f y  
t he   hea t   t rans fe r   and   p ressu re   d rop   cha rac te r i s t i cs   o f   t he   f i na l   des ign  
recuperator. The performance  test  was c a r r i e d   o u t   u s i n g   a i r   a s   t h e   h e a t  
t r a n s f e r   f l u   i d .  The temperature  and  pressure  levels  of   the  tests  were 
compat ib le   w i th   the   va lues   ava i lab le  from standard  AiResearch  test ing  sources. 
The test   condi t ions,   therefore,  do not   s imulate  the  actua l   des ign  po int   requi re-  
ments du r ing   t he   ope ra t i on   o f   t he   recupera to r   w i th in   t he   B ray ton   cyc le .   I n  
order to   ve r i f y   t he   pe r fo rmance   o f   t he   recupera to r   a t   t he   ac tua l   des ign   po in t ,  
the  fo l lowing  procedure i s  adopted. 

Randomly se lec t   severa l   opera t ing   cond i t ions   fo r   wh ich   tes t   da ta  i s  
avai lab le,   and  f rom  th is  data, determine  the  overal l   heat  t ransfer  conduct-  
ance of   the  recuperator .  A t yp ica l   se t   o f   da ta   taken  f rom  the   f ina l   des ign  
recuperator   test   data  together   wi th  a sample ca l cu ia t   i on  i s  shown i n  Table 12. 
Note  that   actua l   data  reduct ion was  made by an  AiResearch  data  reduction 
computer  program. 

Readings o f  r o o m  temperature  and  barometric  pressure  are elso taken. ~n 
many cases, the   in fo rmat ion  shown on the  above t a b l e   i s   t h e  average  of  sev- 
era l   readings  taken  a t   the same loca t ion .  

Barometric  Pressure = 29.69 i n .  HgA,  Room Temperature = 8OoF 

For Low Temperature F low Rate 

Us ing   Or i f i ce  Data  (Columns 5, 6 and 7) 

P = 60.3 in .  HgA 

T = 92.5 + 460 = 552.5'R 

0 

0 

o ~ P  = 17.35 
0 

6.75 = 12.8 in .  Hz0 

From standard ASME o r i f i c e   c u r v e s   f o r  a 2.5 i n .   d i a .   o r i f c e   i n  a 6.07 in .  
dia.  duct 

Flow  Rate = 22.53 Ib   per   m in  

T h i s  ca lcu la t ion   i s   repeated   us ing   h igh   tempera ture   da ta  and  the  High Temp- 
erature  Flow  Rate = 23.72 l b  per  min. 
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Now From Unit  Test Data 

Cold AT = 599 - 92 .5  = 506.5OF 

Hot ou t le t   tempera ture  = Mix ing box o u t l e t  temp. + Mixing  box 

AT = 153 + 1.2 = 154.2 

Hot AT = 643 .8  - 154.2 = 489.6OF 

Overa l l  AT = 6 4 3 . 8  - 9 2 . 5  = 551.3OF 

Heat re jec t i on   (Co ld )  = WC AT = 22.53  x 0.244 x 506.5  
P 

= 2787 Btu  per  min 

Heat re jec t i on   (Ho t )  = 23.73  x 0.245 x 489 .6  = 2845 Btu  per  min 

C i s  evaluated  at  the  average  temperature. 
P 

As t he  two  heat  t ransfer  values  are  wi th in 5 percent ,   th is  i s  an acceptable 
data  po int .  

Thermal Effect iveness  (Cold) = - = 0 . 9 2  5 0 6 . 5  
551 * 3  

Thermal Ef fect iveness  (Hot)  = - 4 8 9 ' 6  - - 0 . 8 9  55 I . 3  

From convent ional   log mean tempera ture   re la t ionsh ips   fo r   counter f low  un i ts  

Log Mean AT = .095  x 5 5 1 . 3  = 52.4OF 

Overa l l  Heat Transfer  Conductance (UA) - 2787 = 5 3 . 3  Btu  per  min O F  
52 .4  

- 

UAhot = 5 4 . 4  Btu  per  min O F  

The next  step i s  t o   p red ic t   t he   pe r fo rmance  o f  the   recupera tor   a t   th is   se t  
o f   t e s t   c o n d i t i o n s  by t he  same technique  that  was used t o  des ign   the   un i t .  
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Cold  Side 

Recuperator  geometry i s  determined. 

To ta l  Heat  Transfer  Surface  Area (A,.) 

Free  Flow  Area  (Ac) 

Hydrau 1 i c  Rad ius ( r,,) 

E f fec t   i ve   F in   Leng th  ( Le) 

R a t i o   o f  Extended  Surface to   To ta l   Su r face  (AF/%) 

Free  Flow  Area (2) 
Hvdraul i c  Diameter  (4x r ) x G 

Mass Ve loc i t y  ( G )  = 
F low Rate 

Reynolds Number = V i s c o s i t y  ( 

Colburn  Modulus ( j )  and Fr ic t ion   Fac tor   ( f )   a re   then  read  f rom  s tandard  

h 
at  average  temperature) 

A iResearch  data  curves  for   the  appropr ia te  heat   t ransfer   sur face  a t   the 
Reynolds number ca lcu la ted .  

j G C  
Heat Trans fer   Coef f i c ien t   (h )  = 

p 213 

where C ( s p e c i f i c   h e a t )  and Pr (Prandt l  No.) are  determined  at   the  average 

temperature  in  the  heat  exchanger. 
P 

F i n   e f f e c t i v e n e s s  i s  then  determined. 

.=/Kg * where K = meta l   conduct iv i t y  

6 = f i n   t h i c k n e s s  

Tanh ( m  Le) 
F in   E f fec t i veness  (If) = ( m  Le) 

Overa l l   E f fec t i veness  (To) = I - AF/AT ( I - I f )  

Heat Transfer  Conductance = lo h \ 
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Th is   i s   repea ted   f o r   t he   ho t   s ide   o f   t he   un i t  and the   Overa l l  Heat Transfer  

(UAcalc) i s  determined. 

I I -=  + 
"*,a l c  lb Acol d % Ahot 

I 

This  va 

Conduct 
o f   t h i s  

Fo 

ue  of UAcalc must now b e   m o d i f i e d   t o   a l l o w   f o r   t h e   e f f e c t   o f   A x i a l  

on. T h i s   i s  done by   fo l low ing   the   p rocedure   la id   ou t   in   Append ix  A 
repor t .  

r the   representa t ive   tes t   cond i t ions  shown  above, t h e   p r e d i c t i o n  
techn ique  resu l ted   in  a UApredict = 53.0 Btu  per  min OF. The uni t ,   therefore,  

performed  approximately 1.6 p e r c e n t   b e t t e r   t h a n   p r e d i c t e d   a t   t h i s   c o n d i t i o n .  

The p red ic t i on   o f   t he   ove ra l l   p ressu re   d rop   o f   t he   un i t  i s  as fo l lows.  
For the   pure   counter f low  sec t ion   o f   the  core, t h e   f r i c t i o n a l   p r e s s u r e   d r o p  
i s  ca l cu la ted   us ing   t he   Fann ing   f r i c t i on   f ac to r  ( f )  prev ious ly   obta ined.  
The t r i a n g u l a r  end sect ion  pressure  drops  are  est imated by  an  AiResearch 
computer program, H1400. The duct  and  manifold  pressure  losses  are  est imated 
as shown in   Sec t ion  6 o f   t h i s   r e p o r t .  The pressure  losses  are  then added t o  
ob ta in   the   overa l l   p red ic ted   p ressure  loss on one s ide  of the  recuperator.  

Discuss ion  o f  Heat Transfer  Resul ts 

The above  sample c a l c u l a t i o n  i 1 l u s t r a t e s  and va l   idates  the method o f  
predic t ing  the  per formance  o f   the  recuperator   a t   the  des ign  operat ing  con-  
d i t ions ,   by   p red ic t ing   tes t   da ta   ob ta ined  a t   o f f -des ign   cond i t ions .  To 
prov ide  a complete  comparison  of  test t o   p r e d i c t e d   d a t a   f o r   t h e   f i n a l   d e s i g n  
conf igura t ion   a t   the   cond i t ions   tes ted ,   F igure  7 5  was prepared. The sol i d  
curve shown on F igure  75 represents  the  predicted  performance f o r  the  recu- 
pera tor   over   the   range  o f   a i r f low  ra tes  shown. This  curve i s  e s s e n t i a l l y  
t he  same as tha t   sham  i n   F igu re  70 for   the  est imated  performance o f  the 
2- in .   h igh   tes t   core .  The performance  of   the  2- in.   h igh  test   core  and  the 
f i na l   des ign   con f igu ra t i on   a re   i den t i ca l   a t   equ iva len t  mass v e l o c i t i e s .  Each 
of  the  actual  data  points  taken  during  the  performance  test  are  also shown i n  
F igure 75. The major i t y   o f   the   da ta  was ob ta ined   a t   an   a i r f l ow   ra te   wh ich  
r e s u l t e d   i n   t h e  same Reynolds number w i th in   t he   hea t  exchanger  core  as  exists 
a t   the   ac tua l   des ign   po in t   opera t ing   cond i t ions .  The a i r f l o w   d u r i n g   t h i s  
cond i t i on  i s  approximately 23 Ib/min and the  Reynolds number i s  approximately 
80. Data was a l s o   o b t a i n e d   a t   h a l f   o f   t h i s  flow r a t e  and t w i c e   o f   t h i s  flow 
r a t e  and t h i s   d a t a  i s  a l s o  shown on F igure  75. 

A t  the   ac tua l   opera t ing   cond i t ions   o f   the   recupera tor ,   the   f low  ra tes  
on bo th   s ides   o f   the   recupera tor   a re   iden t ica l  and  as the   e f fec t i veness  of 
t h e   u n i t  i s  h i g h   a n d   t h e   a c t u a l   o p e r a t i n g   f l u i d  i s  argon  the  spec i f ic   heats  
o f  t h e   f l u i d s  on bo th   s ides   a re   a l so   i den t i ca l .  As a resu l t ,   t he   e f fec t i veness  
on   bo th   s ides   o f   the   un i t  i s  the  same. During  the  acceptance  test,  the  f low 

13 5 



0 I O  20 30 40 50 60 

AIR FLOW, LEI PER MIN 

Figure 75. Estlmated and Test  Performance 
Recuperator I80636 

136 

I 
~- I-.-..""- .._." ,,.., " ,-....... .... - ...-.. - 



r a t e s   o f   a i r  on  both  sides  of  the  recuperator  were  set  to  give  equal  Reynolds 
numbers t o  those e x i s t i n g   i n   t h e   a c t u a l   d e s i g n   p o i n t   o p e r a t i o n .  As  a resu l t ,  
th roughout   the   tes t ing ,   the   f low  ra tes   on   bo th   s ides   o f   the   recupera tor  were 
n o t   i d e n t i c a l .   T h i s   r e s u l t e d   i n   s l i g h t l y   d i f f e r e n t   e f f e c t l v e n e s s   o n  each 
side. The values shown on  F igure  75 represent  the  average  of   the two f l o w  
ra tes  and the  average  o f   the two ef fect ivenesses.   Th is  i s  not  a completely 
accura te   eva lua t ion  o f  the  data. However, i t  does s e r v e   t o   i l l u s t r a t e   t h e  
basic  comparison  between  predicted  and  tested  data. To o b t a i n  a t rue   eva lua t i on  
o f   t h i s  comparison, the  overa l l   heat   t ransfer   conductance  (predic ted  vs  test )  
must  be examined. The inaccuracy  o f   the  average  e f fect iveness i s  emphasized 
a t   t he   l owes t   f l ow   ra tes   o f   app rox ima te l y  I I Ib/min. A t  t h i s  reduced  f low  rate 
the   dev ia t i ons  between the  two s ides   o f   t he   hea t  exchanger i n   f l o w   r a t e  and 
e f fec t i veness   a re   g rea tes t  and  consequent ly   the   re1   iab i l   I t y   o f   the   average  e f -  
fect iveness and of   the  average  overal l   heat  t ransfer  conductance  obtained i s  
most  suspect t o   e r ro r .   F igu re  75 i nd ica tes   tha t   the  -average e f fec t i veness  i s  
below  the  predicted  value,  whi le,  when the  comparison i s  made on   t he   bas i s   o f  
average  overal l   heat  transfer  conductance,  the  test  performance i s  i n  excess 
o f   the   p red ic ted   va lue .  

The comparison  between  the o v e r a l l  conductances  predicted  to  those  ob- 
ta ined  dur ing  the t e s t  was  made f o r   a l l   t e s t   d a t a   p o i n t s  shown.  The tes t   da ta  
ranged  from  approximately 8 percent above the  predic ted  va lue  to   approx imate ly  
5 percent  below  the  predicted  value. A t  the  condi t ion  which most c l o s e l y  
s imulated  the  design  point ,   that  is,  an a i r f l ow   ra te   o f   app rox ima te l y  23 lb/min 
and a ho t   s ide   in le t   tempera ture   o f  64OoF the  overal l   heat  t ransfer  conductance 
tes t   va lue  was approximately 2 t o  4 percent  greater  than  the  predicted  value. 
A t  the  same in le t   t empera tu re   bu t   a t   t he  reduced f low  ra te   o f   approx imate ly  
I I Ib/min  the  test  heat  transfer  conductance was approximately 8 percent 
greater  than  the  predicted  value. A t  the   f low  ra te  o f  approximately 46 Ib/min 
the   tes t   va lue   o f   overa l l   hea t   t rans fer   conductance i s  approximately 5 percent 
below  the  predicted  value. The o v e r a l l   c h a r a c t e r i s t i c s   o f   t h e   h e a t  exchanger 
a re   t he re fo re ,   s l i gh t l y   d i f f e ren t   f rom  the   p red ic ted   va lues .   Th i s  i s  almost 
e n t i r e l y   t h e   r e s u l t   o f   f l o w   d i s t r i b u t i o n   t h r o u g h o u t   t h e   u n i t .  The t r i a n g u l a r  
end sec t i ons   o f   t he   f i na l   recupera to r   con f i gu ra t i on  were  designed  to impose the 
b e s t   p o s s i b l e   f l o w   d i s t r i b u t i o n   a t   t h e   d e s i g n   p o i n t   o p e r a t i n g   c o n d i t i o n s .   D u r i n g  
the   tes ts   a t   cond i t ions   o ther   than  the   des ign   po in t   e i ther  improved o r  much 
worse f l o w   d i s t r i b u t i o n  may be obtained. I t  i s  est imated  that  at  the  reduced 
f l o w   r a t e   o f  I I  I b / sec   t he   nonun i fo rm i t y   i n   f l ow   d i s t r i bu t i on  i s  e s s e n t i a l l y  
zero,  and  consequently  better  performance i s  obtained. 

A t  the   h igher   f low  ra te   cond i t ion ,  36 l b /m in ,   t he   f l ow   d i s t r i bu t i on  i s  con- 
s iderab ly  worse  than a t   t he   des ign   po in t .  The unequal t r i a n g u l a r  ends were 
s i zed   t o  match  the  pressure  drops  wi th  the  densi ty  d i f ferences  that   existed be- 
tween the  hot  and  cold ends. A t  an a i r f low  ra te   o f   approx imate ly  23  Ib /min   w i th  
t h e   h o t   a i r   e n t e r i n g  L:le u n i t   a t  640°F the   dens i ty   d i f fe rences  between the  two 
ends a r e   e s s e n t i a l l y   t h e  same as   those  tha t   ex is t   a t   the   des ign   po in t   opera t -  
i ng   cond i t i on .   The re fo re ,   a t   t h i s   t es t   cond i t i on ,   essen t ia l l y   t he  same 
performance  should be achieved. As t he   f l ow   ra te  i s  increased, the  pressure 
drops  in   the end increase by approximately  the  square  of  the f l ow   ra tes   wh i l e  
the   dens i ty   d i f fe rence  remains   essent ia l l y   the  same. Consequently  the 
balancing  between  pressure  loss and dens i ty   d i f fe rence  ach ieved  fo r   the  
des ign  condi t ion  by  the  use  o f   the  unequal   s ize  t r iangular  ends i s  negated 
du r ing   t he   h igh   f l ow   tes t   cond i t i on  and t h e   f l o w   d i s t r i b u t i o n  i s  much less  
un i form. 
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i Th is  same e f f e c t   i s   r e f l e c t e d   i n   t h e  cunpar 
p red ic ted   va lues   ob ta ined  a t   the  flow r a t e   o f  23 
temperature  o f  81OoF. I n   t h i s  case  the  increase 
a1 t e r s   t h e   d e n s i t y   r a t   i o  between  hot  and  cold  in 
drops  remain  essent ia l ly   the same. Again  the ba 

son o f   t h e   t e s t   d a t a   t o  
lb/min  and a h o t   s i d e   i n l e t  
in   ho t   s ide   in le t   tempera ture  
e t  ends whi le   the  pressure 
ance i s  negated  and sl i g h t l y  

1'  
1, 

nonun i fo rm  d is t r ibu t ion-occurs .  The i n f l u e n c e   o f   t h i s   s l i g h t l y  nonunifoFm 

po in ts   ob ta ined   a t   t h i s   cond i t i on   on   t he   ave rage   a re   l ower   t han   t hose   ob ta ined  
w i t h   t h e  640°F  in let   temperature.  

' f l o w   d i s t r i b u t i o n  on performance i s  shown i n   F i g u r e  75 as  the  test   data 

The r e s u l t s   o f   t h e   h e a t   t r a n s f e r   t e s t i n g  on the  f ina l   des ign  recuperator  
were complete ly   sat is factory .   A l though some s c a t t e r   e x i s t s   i n   t h e   t e s t   d a t a  
and although  the  heat  balances  obtained  are  approximately 3 percent,  which i s  
s l i gh t l y   g rea te r   t han   des i red ,   t he   t es t   da ta   c lea r l y   i nd i ca tes   t ha t   t he  
recupera to r   sa t i s f i es  i t s  required  performance. The m a j o r i t y   o f   t h e   s c a t t e r  
in   the   tes t   da ta   po in t   can  be e x p l a i n e d   b y   t h e   v a r i a t i o n   i n   f l o w   d i s t r i b u t i o n  
resu l t i ng   i n   t he   d i f f e ren t   ope ra t i ng   cond i t i ons   t es ted .  

Discussion  of   Pressure Loss Results 

The  same procedure i s  employed to  determine  the  pressure  drop  charac- 
t e r i s t i c s   o f   t h e   r e c u p e r a t o r   a t   t h e   d e s i g n   p o i n t   a s  used fo r   the   heat   t rans-  
f e r  data.  That  is, a d i r e c t  comparison  between t e s t  and predicted  values of 
pressure  drop i s  made a t   the   tes t   da ta   cond i t ions   and  p rov id ing   th is   compar i -  
son i s  i n   c l o s e  agreement,  then  the  predicted  performance a t   t h e   d e s i g n   p o i n t  
will be  achieved.  Exactly  the same method o f  p r e d i c t i o n  i s  used a t   t he   des ign  
p o i n t  and a t   t he   t es t   da ta   cond i t i ons .  

For a l l   t h e   t e s t   d a t a   p o i n t s  obtained, t h i s  comparison  between test   and 
predicted  values  of   pressure  drop was  made for   both  s ides  o f   the  recuperator .  

Reference i s  made t o  Table 9, where i t  i s  noted  that   the  pressure  drop 
measured fo r  the  two  inch  test   core i s  2 . 8 6 5 % .  This number corresponds t o  
an   aspec t   ra t   io   o f  I (square face, 26 in .  x 2 6  in .  ) as discussed  in  the  sect   ion 
en t i t l ed   "P ressu re  Drop Studies". A change i n   t h e   a s p e c t   r a t i o  was c l e a r l y  
ind icated  in   order   to   reduce  the  pressure  drop.  The un i t   se lec ted ,   f i na l l y ,  
by NASA and which was fabr ica ted   and  tes ted  has an  aspect  rat io.   of  2 . 2 5  t o  I 
(face  dimensions  of 1 7 . 6  in. x 39.6 in.).  I t  was an t ic ipa ted   tha t   the   p res-  
sure  drop  would be lower, down t o  2.28%, as shown in   Tab le  9. 

The pressure  droo  data  resul t ing  f rom  - tests  on t h e  2 in. t e s t   c o r e  were 
considered  highly  accLcrrte and re l iab le ,   s ince  an e x t e n s i v e   m u l t i p l i c i t y   o f  
inst rumentat ion was used t o   o b t a i n   t h i s   d a t a   ( s e e   F i g w e  6 4 ) .  
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In  a l l  cases t h e   t e s t  va lues,   obta ined  dur ing  the  l imi ted  per formance  test  
o n   t h e   f u l l   s c a l e   u n i t  were  considerably  in  excess  of   the  predicted. A s  the 
test   va lues were i n  some cases  approximately 2.5 t imes  the  predic ted  va lues 
and  as t h i s  i s  i n  comple te   con t rad ic t ion   w i th   the   tes t   da ta   ob ta ined  f rom  the  
2- in .   tes t  core, i t  i s  assumed that   the  test   data  f rom  the  per formance  test  
was h igh l y   un re l i ab le ,  A poss ib le   explanat ion i s  discussed  below. 

The data was ob ta ined   f rom  two   s ta t i c   t aps   l oca ted   a t   bo th   t he   i n le t  and 
o u t l e t   o f   t h e   u n i t .  The p a i r   a t   t h e   i n l e t  and t h e   p a i r   a t   t h e   o u t l e t  were  con- 
nected i n   p a r a l l e l  and the  pressure  drop measured was t h e   d i f f e r e n c e  between 
these  two  pairs.   Since  the  predicted  test  AP i s   I n   t h e   o r d e r  of  I in .  H20, 
any  unusual   loca l   pressure  f rom  condi t ions  which  might   ex is t   a t   the  s ta t ic   tap 
l o c a t i o n   o r  i f  e i t h e r   o f   t h e   s t a t i c   l i n e s   i s  even  very s l i g h t l y  plugged, the  
inaccuracy in  pressure  drop  recorded  could be subs tan t ia l .   F igure  76 shows 
the  actual   pressure  drop  points  recorded  dur ing  the  heat  t ransfer  tests  on  the 
hot   (or   low  pressure)   s ide  o f   the  un i t .   A lso shown on  Figure 76 i s  the  pre- 
d ic ted   p ressure   d rop   a t   heat   t rans fer   cond i t ions .   Th is   p red ic ted   curve  i s  
based  on  the  data  obtained  from  the  2-in.  test  core  and  consequently  ref lects 
t h e   a n t i c i p a t e d   f l o w   d i s t r i b u t i o n   c h a r a c t e r i s t i c s .  The t h i r d   l i n e  shown on 
F igure 76 i s  the  isothermal  pressure  drop  data  obtained  f rom  the  f inal   design 
conf igurat ion  dur ing  the  performance  tests.   This  isothermal  test   data was 
ob ta ined   a f te r   t he   hea t   t rans fe r   t es ts  had been completed. The ins t rumenta t ion  
used to  record  pressure  drop  for   these  isothermal  tests was changed, from 
manometers t o  a much more accurate  water  micromanometer  which w i  1 1  record 
pressures   to   w i th in  0.001 in. H20. A comparison o f   t h i s   i so the rma l   da ta   w i th  
the   p red ic ted   heat   t rans fer   p ressure   d rop   charac ter is t i cs  shows t h e   a n t i c i -  
pated  a f fect .  

The recuperator was des igned  to   p rov ide   un i fo rm  f low  d is t r ibu t ion   dur ing  
opera t i ng   cond i t i ons   w i th   h igh   dens i t y   d i f f e rences  between the  hot  and  cold 
ends, there fore ,   un i fo rm  f low  d is t r ibu t ion   cannot  be achieved  at   isothermal 
cond i t i ons .   Th i s   e f fec t  i s  re f lected  in   the  compar ison  o f   the  est imated 
pressure  drop  with  the  isothermal, as  nonuniform  flow will r e s u l t   i n  sub- 
s tan t ia l l y   h igher   p ressure   d rop .  I t  could,  therefore, be assumed tha t   the  
isothermal  pressure  drop  data  obtained i s  v a l i d  and represents   the  t rue 
charac ter is t i cs   o f   the   recupera tor .  However, the   d i f fe rence between t h i s  
isothermal   data  and  the  data  obta ined  dur ing  the  heat   t ransfer   test ing i s  very 
la rge  and cou ld   no t  be en t i re l y   accoun ted   f o r  by the  improved  accuracy o f   t h e  
inst rumentat ion and i t  is, therefore,   submit ted  that   the  pressure  drop  data 
obtained  dur ing  the  performance  tests i s  not   representat ive  o f   the  recuperator  
performance a t  a1 1. The data  obta ined  f rom  the  2- in .   h igh  test   core was o f  
a much rmre  meaningful  nature  as a great  many more pressure  taps  were  avai l -  
ab le  on t h e   u n i t  and much g r e a t e r   a t t e n t i o n  was d i r e c t e d   t o   o b t a i n i n g   h i g h l y  
accurate  data. 

The da ta   f o r   t he   co ld   (o r   h igh   p ressu re )   s ide   o f   t he   recupera to r   exh ib i t  
the same d i f f e rences  between isothermal   and  heat   t ransfer   data  obta ined  wi th  
the  hot  side  and  again  both  values  are  greater  than  predicted.  This  data i s  
shown on  Figure 77. A t  a f l o w   r a t e  o f  23 l b   p e r  min, where t h e   m a j o r i t y   o f  
the  test   data was ob ta ined   t he   ra t i o   o f   t es t   t o   p red ic ted   p ressu re  loss i s  
approximately 1.44. A t  t h i s  same f l ow   ra te   t he  maximum s c a t t e r   i n   t h e   t e s t  
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d a t a   i s  1.55. Consequent ly,   as  the  data  scatter  is   greater  than  the  d i f fer-  
ence  between t e s t  and p red ic ted   va lues   l i t t l e   con f i dence   can  be p laced   i n   t he  
data.  Also as ind ica ted   fo r   the   ho t   s ide ,   the   heat   t rans fer   p ressure   d rop  on 
the   co ld   s ide   i s   g rea ter   than  the   i so thermal   p ressure   d rop   wh ich  i s  i n   d i r e c t  
c o n t r a d i c t i o n  w i th  the  desi,gn charac ter is t i cs   o f   the   recupera tor .  The i n s t r u -  
mentat ion and  methods o f  c o n n e c t i o n   t o   t h e   t e s t   u n i t  were   aga in   no t   su f f i c ien t ly  
accurate t o  e s t a b l i s h   r e l i a b l e   p r e s s u r e  loss i n fo rmat ion  and consequently  the 
2 i n .   h igh   tes t   core   da ta  must be bel ieved. 

Three d i f f e ren t   va lues   o f   p ressu re  loss fo r   the   recupera tor  have been 
evolved  dur ing  the  course  o f   the program. A pu re l y   ana ly t i ca l   va lue  was 
f i r s t  calculated, and t h e n   t h i s  was  amended by  the  data  from  the 2 in .   h igh 
tes t   co re   (desc r ibed   i n   Sec t i on  6). It was a n t i c i p a t e d   t h a t   t h e   f i n a l  recup- 
erator  performance  test   would  conf i rm  the 2 in.  core  data, however, due t o  
the  reasons  discussed  above t h i s   c o n f i r m a t i o n  was not  achieved and a t h i   r d  
va lue  o f   pressure loss was evolved.  Although th i s   l a t te r   va lue   f rom  the   pe r -  
formance test   is   complete ly   d iscounted  the  three  va lues  are summarized  below. 

I Overa l l  Heat  Exchanger 
Pressure Drop, Percent 

Final  Recu3erator 
2 in .  Be 1 i eved  Heat 

Predic ted Value Transfer   Isothermal  Test Core 

2.093 1 2.286 1 2.83 1 5.15 1 2.286 

The two  values shown under  Final   Recuperator  indicate  c lear ly  that  
t he   d i f f e rence  between  the  test  isothermal and heat   t ransfer   data 
i s   very   la rge .  If  t he   i so the rma l   da ta   i s   co r rec ted   f o r   t he   an t i c i -  
pated  improvement i n   f l o w   d i s t r i b u t i o n   a t   t h e   o p e r a t i n g   c o n d i t i o n  
the   overa l l   p ressure  loss i s  2.35 percent  which i s  v e r y   c l o s e   t o  
the  bel ieved  value. 

NASA Schedule  requirements  precluded  reduction o f  t h e   d a t a   p r i o r  
t o  shipment o f  the  recuperator and the re fo re  a rerun o f  the  pressure 
drop  tests   a t   A iResearch was not  possible.  

It i s  an t i c ipa ted   t ha t   t es t   da ta  will be ob ta ined   a t  some fu tu re   t ime  
a t  NASA Lewis f a c i l i t i e s   d u r i n g  component tes t i ng .  

For any fu tu re   t es t i ng ,  i t  i s  recommended t h a t  a g rea ter  number o f   s t a t i c  
taps be used t o   p r e c l u d e   o r   m i n i m i z e   t h e   p o s s i b i l i t y  of grossly  erroneous 
readings due t o  sane unusual   loca l   condi t ion,   a t  any s ing le  tap.   A lso i t  i s  
p robab ly   adv isab le   to  use seve ra l   t r ave rs ing   p robes   i n   o rde r   t o   ob ta in  a 
good pressure  average. 
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To a s s i s t  NASA i n   eva lua t i ng   t he   p ressu re   l oss   cha rac te r i s t i cs   o f   t he  
recuperator   throughout   the i r  component and  system test ing  A iResearch  pre-  
pa red   p ressu re   d rop   cu rves   f o r   bo th   a i r  and  argon. The a i  r pressure  drops 
a r e  shown on  Figure 78 and the  va lues  correspond  to   the  predic ted  curves  o f  
F igures 76 and 77.  Figure  79 shows the  est imated  pressure  losses  for   the 
recuperator  wi th  argon a s  the   work ing   f lu id .  These curves  correspond  to  the 
des ign   po in t   ove ra l l   p ressu re   l oss   o f  2.286 percent. 
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APPENDIX A 

AXIAL CONDUCTION  EFFECT 

I n   a l l  heat   t ransfer   dev ices,   temperature  gradients   ex is t   in   the  s t ructure 
o f   t h e   d e v i c e .   I n  any ma te r ia l  where  such a temperature  gradient  exists,   there 
i s  a f l ow   o f   hea t  from the  h igh   tempera ture   por t ion   o f   the   s t ruc tu re   towards  
the  low  temperature  section. I n  many heat   t ransfer   dev ices,   th is   leakage  o f  
heat  through  the  heat  exchanger  material i s  very  small  and i s  genera l ly   ignored 
in   t he   des ign   o f   hea t  exchangers. I n  heat  exchangers  where  high  effectiveness 
i s  required, i t  i s  general l y  necessary t o  use some form o f   pu re   coun te r f  low 
dev ice ,   the   tempera ture   g rad ien t   tha t   ex is ts   in   the   mater ia l   s t ruc tu re  i s  a t  
a maximum value, as the   ho t  end o f   t h e   h e a t  exchanger i s  e s s e n t i a l l y   a t  maximum 
f lu id   tempera ture  and the  low end i s  a t  minimum f l u i d  temperature. The f low 
o f  hea t   t h rough   the   me ta l   i n   t h i s   t ype   o f   s i t ua t i on   resu l t s   i n  a l o s s   o f   h e a t  
f rom  the  hot end  and a d d i t i o n   o f   h e a t   t o   t h e   c o l d  end, bo th   o f   wh ich  have 
adverse  effects  on  heat  exchanger  performance. I n   o r d e r   t o  compensate f o r   t h e  
reduced  temperature  d i f ference  at   both ends o f   the   heat  exchanger, the  heat 
exchanger  size  must  be  increased. 

I n   o r d e r   t o   d e t e r m i n e   e x a c t l y  how  much i t  i s  necessary to   inc rease  the  
heat  exchanger  size t o  account fo r   t he   e f fec ts   o f   ax ia l   conduc t ion ,  i t  i s  
necessary t o  conduct  an  energy  balance  over  the  entire  heat  exchanger and a 
r igorous  mathematical   analysis i s  required  to  permit   the  accurate  evaluat ion 
o f  these  ef fects.   Dur ing  the  per iod when the  parametr ic  design  study was 
being  conducted,   on ly   l imi ted  in format ion was ava i l ab le   on   t h i s  phenomenon. 
Papers  by H. W .  Hahnemann (Reference I )  and by G .  D. Bahnke and C. P. Howard 
(Reference 2 )  presented two methods o f   a n a l y z i n g   t h i s   e f f e c t .  Both  these 
papers  were su f f i c i en t l y   genera l   t o   pe rm i t   t he i r   adap t ion   t o   t he   spec i f i c  
problem o f   a x i a l   c o n d u c t i o n   i n  a pure   counter f low  p la te - f in   heat  exchanger. 
In   add i t ion   to   cons ider ing   the   in fo rmat ion   p resented   in   these  re fe rences ,  
AiResearch  also  conducted an a n a l y s i s   t o   o b t a i n  a s imple  c losed- form  so lut ion 
t o   t h e  problem.  This  analysis i s  presented  below. 

T I ,  T2 temperature o f  hot, 

TW 

cold, f l u i d  

wal l   temperature  o f  
sur face  separat ing 
ho t  and c o l d   f l u i d s  

s p e c i f i c   h e a t   o f  
h o t ,   c o l d   f l u i d  

f i  l m  heat   t rans fer  
c o e f f i c i e n t  on  hot, 
co ld   s ide  

X r O  

kX 
x=L f l o w   r a t e   o f   h o t ,  

c o l d   f l u i d  
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L heat  exchanger  length 

Am 
meta l   c ross-sect ional   area  avai lab le  for   heat   conduct ion 
( i n   d i r e c t i o n   o f   f l o w )  

(hA)I  (hA)z  heat  transfer  conductance  on  hot,  cold  side 

k metal   thermal  conduct iv i ty 

The cond i t i ons   o f   s teady   s ta te ,   cons tan t   spec i f i c   hea ts  and constant  
’ film hea t   t rans fe r   coe f f i c i en ts   were  assumed. Also,  the  thermal  resistance 

o f   the   meta l   sur face   separa t ing   the   ho t  and c o l d   f l u i d s  was assumed t o  be 
. n e g l i g i b l e  compared t o   t h a t   o f   t h e   f l u i d  f i l m s .  In o the r  words aTw/ay = 0. 

The problem  thus becomes one-dimensional. 

For a d i f f e r e n t i a l   l e n g t h  Ax of   the   heat  exchanger,  energy  balance equa- 
t i o n s  may be w r i t t e n   f o r   t h e   h o t  and c o l d   f l u i d s  and fo r   the   sur face   separa t ing  
them.  By a l l ow ing  Ax + 0 one ob ta ins   t he   d i f f e ren t i a l   equa t ions   o f   t empera tu re  
d i s t r i b u t i o n s ,  

A(T, - T ~ )  = dx 

B(Tw - T 2 )  = 5 dx 

B =  oz w c  L 
2 P2 

C =  OI 

D =  op kAm L 



int roducing dTw/dx - u the h o v e  equations  are changed in to   four  f i r s t  

order   d i f ferent ia l   equat ions.  That i s ,  i n   ma t r i x   no ta t i on  

[T' = CHI {T I  

0 -C -D (D + C )  

0 

Seeking so lut ions  o f   the form 

P I  = CKI e 
w 

leads to   the  character is t ic   equat ion 

p [J,' - (A - B )  p2 - (AB + D + C )  P + AD - B C l  = 0 

If p2, p3 and p, are  the nonzero, real  and d is t inct   roots   o f   the  express ion 
i n  brackets above, then  the  so lu t ion  o f   the  d i f ferent ia l   equat ions i s  

where {K i ]  = hi 

The coe f f i c i en ts  A. are  determined from. the  equations  which  result  from 
I 

the   subs t i tu t ion   o f   the  boundary condi t ions  into  the  solut ion above. Hahnemann 
(Reference 2 )  carr ied  th is   through and then proceeded t o   f i n d  an expl i c i  t 
expression  for  the  heat exchanger temperature  effectiveness. H i s  resu l ts   a re  
rather  lengthy and thorsfore, will not be repeated  here. However, i t  must be 
pointed  out  that  when the  character ist ic  equat ion has mul t ip le   roots   the 
so lu t i on  above must be modified  according to wel l   estab l ished  ru les.   Mul t ip le  
r o o t s  occur for instance when A/B = C/D or  whan A = B and C = D. 
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A = B and C 

E 

where Cm - - 

N =  

J I =  

The heat  exchanger  temperature  effectiveness was found f o r   t h e  case when 
= 0 ,  t h a t  i s ,  when W ,  C = W, Cpn = WC and (hA)I = (hA),. It i s  

P I  
(NC + I )  

P 

kA 

L W  c 
m 

P 

NTU = 0 
wcP -[e I +-] 0 1  

2P I + P  

I f  thermal  conduct iv i ty i s  negl ig ib le ,   the above equat ion   fo r   e f fec t i ve-  
ness reduces to   t he   f am i l i a r   equa t ion  

When cm +a, the  ef fect iveness  equat ion becomes 

I 
cash 2N - I + I lim E = I - 

'm 
d m  

s inh 2N 

and when N - a, the  ef fect iveness  equat ion i s  i n   t h e  limit 

C 
lim E = I - 
N -0) 

* 'm 
m 

+ I  

I f  i n   t h e  above equations N - m and Cm -, 00, E -. 1/2 as expected. 

The ef fect iveness  equat ion  d iscussed above was v e r i f i e d   b y  comparison 
w i th   resu l t s   ob ta ined  by G. D.  Bahnke and C. P. Howard (Reference 2 ) .  Bahnke 
and Howard used a numer ica l   f in i te -d i f fe rence method t o   c a l c u l a t e   t h e   e f f e c -  
t iveness o f  a per iod ic   f low  ( ro ta ry )   t ype   heat  exchanger when heat  conduction 
i n   t h e   d i r e c t i o n   o f   f l o w  i s  a l lowed  for .   Their   case o f  " i n f i n i t e   r o t o r  speed" 
i s  equ iva len t   to  a d i rec t   t rans fe r   t ype   coun te r f l ow   hea t  exchanger. The 
ve r i f i ed   e f fec t i veness   equa t ion  was used in   t he   des ign   o f   a l l   pu re   coun te r f l ow  
heat  exchangers  determined  during  the  parametric  design  study.  Both  the 
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p l a t e - f i  n and tubular-type  of  pure  counterf low heat exchanger were designed 
by  use o f  high-speed d i g i t a l  computer techniques. The tubular  heat exchanger 
design  program was w r i t t e n  as p a r t   o f   t h i s  program and incorporated  the above 
ef fect iveness  equat ion  to  a l low  for   axial  conduction.. The previously-exist ing 
p l a t e - f i n  pure  counterflow  heat exchanger  program was also adapted t o   u t i l i z e  
the above expression  for  the  determination of  ax ia l  conduction. 
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APPENDIX B 

BASIC DATA  FOR AXIAL FLOW OUTSIDE  TUBE  BUNDLES 

A l i t e r a t u r e   s e a r c h  was c o n d u c t e d   t o   o b t a i n   e i t h e r   a n a l y t i c a l   o r   e m p i r i c a l  
d a t a   o n   t h e   f l u i d   f r i c t i o n  and h e a t   t r a n s f e r   c h a r a c t e r i s t i c s   o f  gas f l o w  
p a r a l l e l  to,  and ou ts ide   o f ,   p la in   t ube   bund les .   Mos t   o f   t he   pe r t i nen t   papers  
t h a t   w e r e   f o u n d   d e a l t   w i t h   t h e   p r o b l e m   o f   c o o l i n g   f u e l   r o d   b u n d l e s   i n   n u c l e a r  
reac tors .  As a consequence the   tes t   mode ls   tha t   were   used i n  g a t h e r i n g   t h e  
exper imen ta l   da ta   p resen ted   i n   t hese   papers   had   re la t i ve l y   l ow   tube   spac ing  
t o   d i a m e t e r   r a t i o s  and a l s o  low l e n g t h   t o   d i a m e t e r   r a t i o s .  All o f   t h e   a v a i l -  
a b l e   e x p e r i m e n t a l   d a t a   f a l l s   i n   t h e   t u r b u l e n t   f l o w   r e g i o n .   O n l y  a t h e o r e t i c a l  
f r i c t i o n   f a c t o r   e x p r e s s i o n  has  been o b t a i n e d   f o r   f l o w s   i n   t h e   l a m i n a r   r e g i o n .  

F i g u r e  B - I  g ives  a summary of   these  data.   Cruves ( 1 )  are  f rom Kays  and 
London  (Reference I )  and  they   a re   fo r  gases f l o w i n g   i n s i d e   o f   p l a i n   r o u n d  
tubes when the   wa l l   t empera tu re  i s  cons tan t .   Except   fo r   curves  (I ), a l l  
o ther   curves  and d a t a   p o i n t s   a r e   f o r   f l o w s   o u t s i d e   o f   t u b e   b u n d l e s .  The d a t a  
p o i n t s   l o c a t e d   w i t h i n   t h e   t r i a n g l e s  and c i r c l e s  were  obta ined  f rom  tests  
conducted  at   AiResearch. The t e s t   c o n d i t i o n s   w e r e   d i s c u s s e d   i n   d e t a i l   i n  
AiResearch  Report L-3895  (Reference 2 ) .  It will s u f f i c e   t o   m e n t i o n   h e r e   t h a t  
the  tubes  were  ar ranged  in  a t r i a n g u l a r   b u n d l e   u t i l i z i n g  an e q u i l a t e r a l   t u b e  
spacing.  Curve  (2) was ca l cu la ted   f rom  Spar row 's   (Re fe rence   3 )   ana ly t i ca l l y  
de r i ved   cu rves  and i t  seems t o  be i n   f a i r l y  good agreement w i t h   t h e   p l o t t e d  
A iResearch   da ta   nea r   t he   t rans i t i on   reg ion .  

Curves (3) are  Palmer 's  (Reference 4 )  d a t a   f o r   v e r y   c l o s e l y  spaced  smooth 
tubes. The t e s t   f l u i d  was a i r .  The t e s t   l a t t i c e   c o n s i s t e d  of  seven  rods 
spaced i n  an e q u i l a t e r a l   c l u s t e r   w i t h i n  a hexagonel  chamber w i t h   c i r c u m f e r e n t i a l  
segments o f   t u b i n g   a t t a c h e d   t o   t h e  chamber w a l l s   t o   s i m u l a t e   t h e   a d j a c e n t   r o d s  
o f  a l a r g e   a r r a y .   I n   R e f e r e n c e  5, t e s t   d a t a  has  been c o r r e l a t e d   f o r   w a t e r  
f l o w i n g   p a r a l l e l   t o  a b u n d l e   o f   t u b e s   a r r a n g e d   e q u i l a t e r a l l y   w i t h  a center  
s p a c i n g   t o   d i a m e t e r   r a t i o   o f  1.4.  T h i s   t e s t   c o r e   a l s o   i n c l u d e d   t u b e   s e c t i o n s  
a t   t h e   o u t e r  l i m i t s  o f   t he   t ube   bund le   t o   s imu la te  a l a r g e   a r r a y .  The  recom- 
mended c o r r e l a t i o n  i s  

f o r  Reynolds  numbers  from I O 4  t o  1.2 x IO5. The e q u a t i o n   i s   p l o t t e d  as curve  
( 7 ) .  The a f o r e m e n t i o n e d   p r o v i s i o n   o f   t u b e   s e c t i o n s   t o   s i m u l a t e   l a r g e   a r r a y s  
was n o t  made i n  any of  the   o the r   t es ts   d i scussed   he re .  

Curves ( 4 )  are   Kat tchee 's   (Reference 6) d a t a   f o r  a symmetrical  and 
c i r c u l a r   c l u s t e r   o f  19 tubes.  Equal  spacing  between a l l   t u b e s  and the  channel  
w a l l s  was main ta ined  by  means o f   h e l i c a l l y   a p p l i e d   s p a c e r   w i r e s .  The heat  
t r a n s f e r   d a t a  was o b t a i n e d   w i t h   a i r ,   t h e   f r i c t i o n   d a t a   w i t h   w a t e r .   C u r v e  (5) 
i s  Mackewicz's  (Reference 7 )  d a t a   f o r  a s y m m e t r i c a l   c i r c u l a r   c l u s t e r   o f  
19 tubes. The tubes  were  equal ly  spaced, but   wi thout   mechanica l   spacers.  
The t e s t   f l u i d  was wa te r .   F ina l l y ,   cu rve  (6 )  i s  Le  Tourneau's  (Reference 
8 ) data.  The t e s t   c o r e   c o n s i s t e d   o f  19 r o d s   e q u i l a t e r a l l y  spaced t o  form a 
hexagonal   c luster .  A s p e c i a l   t e s t   s e c t i o n  wi th  a hexagona l   i n te r i o r   c ross   sec -  
t j o n  was cons t ruc ted   t o  accommodate the  core.   Water was u s e d   a s   t h e   t e s t   f l u i d .  
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Figure 8-1. Data for Axial Flow Outside Tube Bundle 



I n  summary, a considerable amount o f   d a t a   i s   a v a l   l a b l e   i n   t h e   t u r b u l e n t  
f low  region (Re > 5000) and no  sat is factory   data  has.  been ob ta ined  fo r   the  
f u l l y  developed  laminar  f low  region (Re < 2000). However, a t   h i g h   e f f e c t i v e -  
ness and low  pressure  drop  condi t ions  the  pure  counterf low  tubular  heat 
exchanger i s   c e r t a i n l y  an a t t r a c t i v e   p o s s i b i l i t y .  

Dur ing  the  parametr ic  study  of   pure  counterf low  tubular  heat  exchangers 
the  data used fo r   ou ts ide   the   tube  bund les  was t h a t   o f  f l o w s  i ns ide  a p l a i n  
round  tube  (Curve I o f   F igure  B - I ) .  Th is  was adequate f o r   t h e  comparison  of 
problem  condi t ions and  heat  exchanger  types  but i t  was  recommended t h a t  i f  
fu r the r   cons ide ra t i on  was g iven  to   pure   counter f low  tubu la r   un i ts  a t e s t  
program to   es tab l i sh   re l i ab le   da ta   shou ld  be conducted.  With  the  select ion 
o f   t h e   p l a t e - f i n   t y p e   f o r   t h e   f i n a l   d e s i g n   t h i s   t e s t  program was unnecessary 
and no f u r t h e r   w o r k   i n   t h i s   a r e a  was conducted. 
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APPENDIX C 

COUNTERFLOW  TUBULAR  HEAT EXCHANGER DESIGN PROGRAM 

T h r o u g h o u t   t h e   p a r a m e t r i c   a n a l y s i s   f o u r   t y p e s   o f   h e a t   t r a n s f e r   m a t r i x  
have  been  cons idered,   pure   counter f low  and  c ross-counter f   low  p la te   and  f in  
heat   exchangers  and  pure  counter f low  and  cross-counter f low  tubular   heat  
exchangers. A t  the   t ime  o f   the   p roposa l   A iResearch  was a b l e   t o   a n a l y z e  and 
d e s i g n   h e a t   e x c h a n g e r s   o f   t h r e e   o f   t h o s e   t y p e s   r a p i d l y   a n d   a c c u r a t e l y ,   u t i -  
l i z i n g  I B M  d i g i t a l  computer  programs. No computer  program was a v a i   i a b l e   a t  
t h i s   t i m e   t o   a n a l y z e   p u r e   c o u n t e r f l o w   t u b u l a r   h e a t   e x c h a n g e r s  i n  s u f f l c i e n t  
d e t a i  1 t o   p e r m i t   t h e i r   a c c u r a t e   d e s i g n .  A proqram was t h e r e f o r e   w r i t t e n  f o r  t h e  
I B M  7074 D i g i t a l  Computer wh ich   wou ld   pe rm i t   t he   rap id  and a c c u r a t e   e v a l u a t i o n  
o f   pure   counter f low  tubu la r   heat   exchangers .   Th is   computer   p rogram  i s   descr ibed 
b r i e f l y  below. 

Pure  counter f low,   two  f lu id   heat   exchangers  are  des igned  by an i t e r a t i o n  
procedure.  Any f l u i d   c o m b i n a t i o n   o f   l i q u i d s  and  gases  can  be u t i l i z e d .   F i v e  
f l u i d   p r o p e r t i e s   f o r   t h e   f l u i d s   o n   b o t h   s i d e s   a r e   a v a i l a b l e   i n   t h e   f o r m   o f  
Lagrang ian   tab les .  These f i v e   f l u i d   p r o p e r t i e s   a r e   s p e c i f i c   h e a t ,   v i s c o s i t y ,  
P r a n d t l  number, compressibi  1 i  t y  and dens i t y .  I f  t h e   f l u i d   b e i n g   c o n s i d e r e d  
i s  a l i q u i d ,   d e n s i t y  i s  es t ima ted   f rom  the   t ab le   and  no  use i s  made o f   t h e  
c o m p r e s s i b i l i t y   t a b l e .  I f  t h e   f l u i d   i s  a gas t h e n   c o m p r e s s i b i l i t y  may be  read 
f r o m   t h e   t a b l e  and u t i l i z e d   i n  a n   e q u a t i o n   t o   c a l c u l a t e  gas d e n s i t y .   I n   t h i s  
case  no  use i s  made o f   t h e   d e n s i t y   t a b l e .  The L a g r a n g i a n   t a b l e s   u t i l i z e d   a r e  
c u r v e s   o f   t h e   p a r t i c u l a r   f l u i d   p r o p e r t y  vs tempera ture   s to red   in   the   computer  
i n   t h e   f o r m  o f  p a i r s   o f   p o i n t s .  When u t i l i z i n g   t h e s e   t a b l e s   t h e   c o m p u t e r  
i n t e r p o l a t e s   b e t w e e n   t h e   s t o r e d   v a l u e s   t o   d e t e r m i n e   t h e   f l u i d   p r o p e r t i e s   a t  
t h e   a c t u a l   t e m p e r a t u r e s   r e q u i r e d .   I n   a d d i t i o n   t o   b e i n g   a b l e   t o   c o n s i d e r  
bundles o f  plain  round  tubes  the  computer  program i s  c a p a b l e   o f   a n a l y z i n g  
s u r f a c e s   w i t h   l o n g i t u d i n a l   f i n s   o n   t h e   o u t s i d e   o f   t h e   t u b e s  and t u r b u l a t o r s  
i ns ide   t he   t ubes .   Hea t   t rans fe r  and f r i c t i o n   f a c t o r   d a t a   f o r   b o t h   i n s i d e  and 
ou ts ide   t he   t ube   bund le  i s  f e d   i n t o   t h e   m a c h i n e   i n   t h e   f o r m   o f   L a g r a n g i a n  
tab les   o f   Reyno lds  number vs  Colburn  modulus  and  Reynolds number vs  Fanning 
f r i c t i o n   f a c t o r .   I n   a l l   d e s i g n s   f o r m u l a t e d   b y   t h i s   c o m p u t e r   p r o g r a m   t h e  
e f f e c t   o f   a x i a l   c o n d u c t i o n  on  heat  exchanger  performance i s  c a l c u l a t e d .  An 
o p t i o n  i s  a v a i l a b l e   i n   t h e   i n p u t   t o   t h i s   p r o g r a m  as t o  whether 0.r n o t  i t  i s  
des i red   t o   res i ze   t he   hea t   exchanger  where t h e   e f f e c t   o f   a x i a l   c o n d u c t i o n  
i s  app rec iab le .  

P r o b l e m   c o n d i t i o n   i n p u t   p a r a m e t e r s   r e q u i   r e d   i n c l u d e   f l o w   r a t e ,   i n l e t  
temperature, i n l e t   p r e s s u r e  a n d   p r e s s u r e   d r o p   a v a i l a b l e   o n   b o t h   s i d e s   o f   t h e  
heat  exchanger. It i s   a l s o   n e c e s s a r y   t o   s p e c i f y   e i t h e r   e f f e c t i v e n e s s   o n   o n e  
s i d e   o f   t h e   h e a t   e x c h a n g e r   o r   t o t a l   h e a t   r e j e c t i o n   r e q u i r e d .   P r e s s u r e   d r o p s  
may b e   s p e c i f i e d   e i t h e r   i n   p s i   o r  as a p e r c e n t a g e   o f   t h e   i n l e t   p r e s s u r e s .  
The f l u i d   p r o p e r t i e s   a r e   e v a l u a t e d   a t   b u l k   a v e r a g e   t e m p e r a t u r e s  and  gas 
d e n s i t i e s   a r e   c a l c u l a t e d   o n   t h e   b a s i s   o f   t h e   p e r f e c t  gas law, b u t  as  mentioned 
a b o v e   c o m p r e s s i b i l i t y   f a c t o r s  ( 2 )  can a l so   be   u t i   l i zed .   Bu lk   ave rage   tempera -  
t u r e  was s e l e c t e d   a s   i n   a l l   d e s i g n s   f o r m u l a t e d   f o r   s o l a r   B r a y t o n   c y c l e   a p p l i -  
ca t i ons   as   t he   f l ow   reg ime   w i th in   t he   hea t   exchanger   i s   l am ina r .   The   p rog ram 
d e s i g n s   o n l y   t h e   a c t u a l   h e a t   t r a n s f e r   m a t r i x  and the  computer  does  not 
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formulate  manifolding  or  packaging  concepts.  Al lowances  are, however, made 
f o r  shock  losses a t   t h e  entrance, and ex i t   o f   t he   t ube   bund le  and momentum 
pressure  losses  on  both  sides  of  the  heat  exchanger  are  calculated. 

I n   a d d i t i o n   t o   s u p p l y i n g . t h e   h e a t   t r a n s f e r  and pressure   d rop   charac ter is t i cs  
o f  any  surface  being  analyzed  in  the form of   Lagrangian  tab les,   o ther   sur face 
property  parameters  are  requi  red. The sur face  input   in format ion  requl   red 
includes  tube  diameter,  tube  spacing, number o f   f i n s  and f i n   h e i g h t  (where f i n s  
a r e   u t i l i z e d )  and a l l   ma te r ia l   t h i cknesses .   Ma te r ia l   dens i t i es  and thermal 
conduc t i v i t i es   a re   a l so   supp l i ed   i n   o rde r   t o   de te rm ine   t he   we igh t ,   f i n   e f fec -  
t iveness and axial  conduction  parameters  for  the  heat  exchanger  design.  Options 
a r e   a v a i l a b l e  as to   the   type   o f   overa l l   hea t  exchanger conf igurat ion  requi red.  
B a s i c a l l y , t h e  program  merely  sizes  the  heat  exchanger i n  terms o f   t h e  number 
of  tubes  requi  red and  the  length of  tubes  required. It i s ,  o f  course, poss ib le  
to   ar range  th is   tube  bundle  in to   a lmost  any shape and s t i l l  have a heat  exchanger 
w i th   t he  same performance  capabi 1 i t y .  Heat  exchanger  face  area may, therefore,  
be  expressed e i t h e r   i n  terms o f   a s p e c t   r a t i o  or i n  terms o f  one c o n t r o l l i n g  
dimension. 

Output  data  from  this  computer  progran i s  a v a i l a b l e   i n  two forms.  Both 
of   these  forms  c lear ly   spec i fy   the  problem  condi t ions  be ing examined, t h a t  i s ,  
f low  rates,  temperatures and p ressu res .   I n   t he   sho r t   f o rm  ou tpu t   a l l   t he  
i n fo rma t ion   t ha t  i s  spec i f ied,  i s  the  surface  geometry  being  considered and 
the   ac tua l   so lu t ion   ob ta ined  w i th   th is   geomet ry .   Th is   t ype   o f   ou tpu t   fo rm i s  
shown in   F igu reC- I .The  second o r  long  fo rm  o f   ou tpu t   tha t  i s  a v a i l a b l e  i s  
shown in   F igure   c -2 -   Th is   long   fo rm  ou tpu t  shows the  same in fo rmat ion  as the 
shor t   form  output   but  has a number o f   a d d i t i o n a l   q u a n t i t i e s   a l s o  shown. These 
add i t i ona l   quan t i t i es   i nc lude  mass ve loc i t y ,  Reynolds number and heat   t rans fer  
conductance  on  both  sides  of  the  heat  exchanger. I n   t h e  examples i l l u s t r a t e d  
in   F igures  C - 1  and C-2  there   a re  two answers  given  for  each  surface  considered. 
The f i r s t  o f  these  answers i s  the  solut ion  obtained  by  the  program  for  a heat 
exchanger   wi thout   a l lowing  for   ax ia l   conduct ion.  The second s o l u t i o n  i s  the 
res ized  heat   exchanger   which  a l lows  for   ax ia l   conduct ion.  

The des ign   techn ique  u t i l i zed  by the  computer  program i s  v e r y   s t r a i g h t  
forward.  For  any  given  problem  condition and spec i f ied   mat r ix   sur face   the  
program  determines a minimum number o f  tubes and tube  length  requi red  to  meet 
the  heat   t ransfer   requi rements  wi th in   the  a l lowable  pressure  drop l i m i t s .  The 
program f i r s t  app l ies  what i s  known  as the   imposs ib i l i t y   equa t ion   t o   de te rm ine  
the   f ree- f low  a rea   fo r   ins ide   the   tubes .   Th is   so-ca l led   imposs ib i l i t y  
equat ion i s  a parameter  which  l inks  the  neat  t ransfer and pressure  drop  require- 
ments o f  one s i d e   o f  a heat  exchanger i n t o  a s ingle  parameter.  The name 
imposs ib i l i t y   equa t ion  stems from i t s  m o s t  common use  which i s  to  determine 
whether o r  not  i t  i s  p o s s i b l e   t o   b u i l d  a heat  exchanger to   t he   g i ven   cond i t i ons  
w i t h i n  a specified  envelope.  Having  determined a f ree- f low  a rea   ins ide   the  
tubes on the   tube  s ide   o f   the   heat  exchanger, t he  program  then  calculates  the 
length  of   tubes  corresponding t o  t h i s   f r e e - f l o w  area.   Wi th   th is  now es tab l i shed 
tube  bundle,  the  program  next  checks  whether o r  not   the  avai lab le  pressure  drop 
on the   ou ts ide   o f   t he   t ube   bund le  i s  exceeded. I f  th is   a l lowab le   p ressure   d rop  
i s  exceeded the  program  then  sizes a new tube  bundle  based  on  the  outside  the 
tubes  condit ions.  Having now determined a tube  bundle  which does not  exceed 
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COUNTERFLCk H E A l  E X C h l K G E R  PRAYTiJN  CYCLE  AECUPERATCR 

LEG= 3 LP= I 

F L O Y I L B I S E C I .  
I R S I O E  

bdl 
O U T S I O E  

6.61150 0.61150 
!JlO 

I N L E T   1 E P P E R I l U R E I D E G  R )  TI1 
8cl.oocoo 

TO 1 
1560.00000 

CUTLET  TEHPERATUREICE6 R I  T I 2  
1522.05c00 838.94990 

TO2 

I N L E T   P R E S S L R E I P S I A I  P I 1  PO 1 

PRESSURE CRC C P I  OPO 

EFFECTIVENESS E l  E O  

hEAT REJECTIONIBTUISEC) ax  

SUCCAilY  CF  SCLUTICNS 
FACE  ASPECT R A I I C =  1.OCCOC 
TUBE D I A  SPACING HC-GF F I N  SURFICE NO. OF TUBE FACE MEICHT EFF. PRESSURE OROP 
IIN.1 FINS HEIGHT I N  OUT TUBES LENGTH DIMEXSION ILBI A X I A L   I N S I D E   O U T S I D E  

0.2100 1.500 1.5CC C.C O.CO0 P C  T @  PL T 6  2674.  274.4  16.667  579.0  C.9494 0.4140 0.1176 
C.2100 1.5CO 1.50C C.C 0 . C O C  9 L  T E  PL 1 9  2874.  274.4  16.887  579.0  0.9494  0.4140  0.1176 
0.2100  1.250  1.25C C.C O.CC0 PL T e  PL  Ta  4810.  11S.4  18.205  421.6  0.9493  0.1064  0.2019 
0.2100 1.250 1.256 
0.2100  l.lOC  1.1CO  C.0  0.COO PL TB  PL  T6  10781. 

C.0 O.COO PL  TB  PL TB 4610.  119.4 18.205 421.6  0.9293 ,0.1064 0.2019 ' 

0.2100 1.100 1.100 C.0 O.CO0 PL I B  PL 16  11184.  4?.9 24.423 359.9  0.9509 0.0175 0.2019 
42.3 23.985 334.5 0.9473 0.0175 0.2019 

C.1500 1.500 1.500 c.0 0 
0.1500 1.500 '1.500 C.0  O.CO0 PL T B  PL T 6  5861. 13e.9 17.225  423.1  0.9493 0.4140 0.1106 
C.1500  1.250  1.25C  C.0  O.CC0 PL T B  PL T 6  9521. 
C.1500 1.250 1.250 

61.5 18.295  304.6  0.9488 0.1131 0.2019 
C.C 0.COO PL T6  PL 16  9676. 

0.1500 1.100 1 . 1 C O  C.C O.CO0 PL 18 P L  T B  21293. 
62.5  16.444  314.6  0.9503.  0.1131  0.2019 

C.1500 1.lCO 1.lCO C.0 O.CO0 PL T O  P L  16 22816. 
21.6  24.077  239.7  0.9445  0.0186  0.2019 
23.2  24.924  275.2  0.9506  0.0186  0.2019 

0.1250  1.5C0  1.5CC c.0 o.cco PL T e  P L  T E  a676. 95.3  17.465 355.5 0.9491  0.4140 0.1058 
95.0  17.465 355.5 0.9491 0.4140 0.1058 

C.1250 1.250 1.250 C.C O.CO0 PL I 6  P L  16 13898.  42.0  18.420  251.5  0.9482  0.1183  0.2019 
0.1250 
0.1250 1.100 l.lOC C-0  . O.CGO PL 16 P L   T 6  30762. 

1.250 1.25C C.0 0.COO 2 L   T 6   P L  T B  14297.  43.2 18.683 266.2  0.9508 0.1162 0.2019 
15.0 24.116 199.6  0.9411 0.01,95 0.2019 

C.1250  1.1CC 1.100 C.0 0.000 PL TE P L  18 34216. lC.7 25.435 247.0  0.9502 0.0294 0.2019 
O.IOt0 1.500 1.500 
0.1000 1.500 1.500. C.C 0.000 "L 18 P L  TB 14354. 

C.C O.GOO PL 1 8  PL TB 14122.  59.2  17.825  296.0  0.9461  0.4140  0.0989 

C.1000 1.250  1.25C C.C O.CO0 PL TB PL TB 21848. 26.9  18.476  201.3  0.9470  0.1267  0.2019 _ _  
0.1000 1.100 1.100 C.C 0.000 P L  T B  P L  18 48223. 9.6 24.156  159.1  0.9337  0.0209  0.2019 

I IN. 1 I Ih.) 14. I 

.a00 PL T O  P L  T E  5861. 13e.s 17.225 423.1  0.9493 0.414 0.1106 

0.1250 1.500 1 . m  c.c 0.~00 P L  r e  PL I O  6676. 

60.2  17.971  295.6  0.9502 0-4140 0.0990 

0.1000 1.250 1 . 2 s ~  c.0 0.000 PL r a  PL T B  22797. 

o.1oao L.Loa 1.10~ c.0 o.aoo PL TB PL TB 59632. 11.9 26.862 243.4 0.9499 a.020t 0.2019 

2e.1  18.873 219-2 0.9506 0.1266 0.2019 

F igu re  C-I. Typical   Short  Form Output  from IBH D i g i t a l  Computer Program 
for   Design ing  Pure  Counter f low  Tubular  Heat Exchangers 



I N S I O E  SURFACE IS PL T e  CLTSICE  SLHFACE IS PL 18 

TUBE C I A  XT XL r l a u  T TURB. T FIY T F I N  HT NO. OF 
( I N 1  
0.L1000 1.SCCCO 1.50COO  C.CO400 0.00000 c .ooooo 0.00000 0.00000 

I I h )  I IYI 1 I h )  I I N )  F I N S  

NO. TUBES TUEE L FACE HT FACE U ASPECT UE IGHT VOLUPE  PRESSURE OROP 
I Ih )  I IN1 

2874.000  274.44648  16.38706 
I I N )  I L a )  
!c.a07cb 

ICU. FT.) INSIDE OUrSlOE PERCENr 
1.COOOQ 578.99741  45.29236 3.00000 1 . 7 4 7 8 3  

PRES OR@P,PSI  UAC CPM DPSUM ShGKO AFACE E T A 1  E T A 0  SHOK I 

0.4140  C.1176  3.7625  41.7391 4.1418 1.5000 1.5000 1.9804 1.0000 1.0000 
I N S I D E   O U T S I C E  0.0 IPERCENT) [ s a  FTI 

NTnI. k A I C  UP R E I  REO GI GO 

4.23607 2.31e10 1.51395 585.59352 5 4 8 . 5 5 6 8 7  c.95638 0.47437 0.00816 0.94943 
e T u / s E c  R BTLISEC R RTLISEC R LB/SEC SO F T   L 8 / S E C  SO F T   ( F T I  €AX 

RHO 

INSIDE SURFACE I S  PL T e  OLTSICE S L ~ F A C E  I S  P L  T B  

W E E   C I A  x 1  XL YALL T TURB. T F I N  T F I N  HT NE. OF 
(IN1 
0.21c00  1.5CCOO  1.50COO  C.CO400 o.ccoco c . 0 0 0 0 0  0.00000 0.00000 

VOLUPE  PRESSURE OROP 

IIri) I I N )  I I h )  I I N l  F I N S  

NO. TUBES l L e E  L FACE HT FACE L.c ASPECT k E  I G H T  
f I N )  I I N )  [ I N 1  

2871.C00 274.44E48  16.08106  16.88106 
I L B )  (CU. FT. )  INS IOE  OUTSIDE PERCENT 

1.ooooo 578.99741  45,29236 3.00000 I. 74783 

PRES  0RCP.PSI 
I N S I D E   O U I S I C E  

UAC OPM D P S W  S H G K I  St-CKO AFACE ETA1  ETAC 

0.4140  C.117C  3.7625  41.7391  4.7470  1.5000 1.5000 1.9804 1.ooco 1.0000 
0.0 (PERCENT1 IS0 F T )  

B l U / S E C  R B I b l S E C  R BTb/SEC R 
NTH1 v NATC L 4  RE I REO GI GO RHO 

LB/SEC 51 F I  L B l S E C  SQ F T  I F T I  €AX 
4.2 3601 2.31810 1.51375 585.59352  540.55607  c.95638  0.47437 o.ooe16 0.94943 

Figure C-2. Typical Long Form Output for  F i r s t  Two Cases of Figure  2 



t h e   a l l o w a b l e   p r e s s u r e   d r o p   o n   e i t h e r   s i d e  and w h i c h   u t i l i z e s   a l l   t h e   a v a i l a b l e  
p ressure   d rop   on   one  s ide ,   the   p rogram  then  ca lcu la tes   the   heat   t rans fer  
c a p a b i l i t i e s   o f   t h i s   t u b e   b u n d l e .  I f  t h i s   e s t i m a t e d   v a l u e   o f   t h e   h e a t   t r a n s f e r  
c a p a b i l i t i e s   i s   n o t   s u f f i c i e n t   t o  meet   the   requ i red   p rob lem  cond i t ions   an  
adjustment  i s  made t o   t h e   f r e e - f l o w   a r e a   o n   t h e   c o n t r o l l i n g   s i d e   o f   t h e   h e a t  
exchanger   and  the   p ressure   d rop   and  heat   t rans fer   ca lcu la t ions   repeated .   Th is  
process i s   r e p e a t e d   u n t i l  a s a t i s f a c t o r y   s o l u t i o n  i s  found  which  meets  both 
t h e   h e a t   t r a n s f e r  and pressure   d rop   requ i rements .  The e f f e c t   o f   a x i a l  conduc- 
t i o n   o n   t h i s   h e a t   e x c h a n g e r   d e s i g n   i s   t h e n   c a l c u l a t e d .  The  method u t i l i z e d  
t o   d e t e r m i n e   t h e   e f f e c t   o f   a x i a l   c o n d u c t i o n   o n   t h i s   h e a t   e x c h a n g e r  i s  t h a t  
determined  by  A iResearch  and  descr ibed  in  some d e t a i l  i n  Appendix A .  
A t  t h e   p r e s e n t   t i m e   t h e   m e t h o d   u t i l i z e d   b y   t h e   p r o g r a m   i s   t h e   l i m i t e d   c a s e  
s o l u t i o n ,   t h a t   i s ,   t h e   c a s e   t h a t   r e q u i r e s   t h e   c a p a c i t y   r a t e s  and h e a t   t r a n s f e r  
conductances t o  be   the  same on   bo th   s ides   o f   t he   hea t   exchanger .  As t h e  
c a p a c i t y   r a t e   r a t i o   f o r   t h e   r e c u p e r a t o r   f o r   t h e   s o l a r  powered  Bray ton   cyc le  
system i s  one, t h i s  i s  a v a l i d   a p p r o x i m a t i o n   f o r   c a l c u l a t i n g   t h e   e f f e c t   o f   a x i a l  
c o n d u c t i o n   i n   t h i s   p a r t i c u l a r   a p p l i c a t i o n .  

Hav ing   de te rm ined   the   e f fec t i veness   o f   t he   hea t   exchanger   des ign  w i t h  t h e  
a l l owance   fo r   ax ia l   conduc t ion ,   t he   p rog ram  then  compares t h i s   e f f e c t i v e n e s s  
w i t h  t h e   e f f e c t i v e n e s s   r e q u i r e d .  I f  t h e   t w o   v a l u e s   o f   e f f e c t i v e n e s s ,   t h a t  i s ,  
t h e   r e q u i r e d   e f f e c t i v e n e s s  and t h e   c a l c u l a t e d   e f f e c t i v e n e s s ,  do n o t   f a l l   w i t h i n  
one   t en th   o f   one   pe rcen t   o f   each   o the r   t he   p rog ram  then   des igns  a second  heat 
exchanger. As i n   t h e   p r e v i o u s   d e s i g n   i t e r a t i o n ,  a f a c t o r  i s  a p p l i e d   t o   t h e  
c o n t r o l l i n g   s i d e   f r e e - f l o w  area, a new tube   bund le   s i ze  i s  determined  and i t s  
e f f e c t i v e n e s s   a l l o w i n g   f o r   a x i a l   c o n d u c t i o n   a g a i n  compared w i t h   t h e   r e q u i r e d  
e f f e c t i v e n e s s .  The process i s  a g a i n   r e p e a t e d   u n t i l  a s a t i s f a c t o r y   s o l u t i o n  
i s  determined. A1 1 l o o p s   ( i t e r a t i o n   p r o c e s s e s )   a r e   c o u n t e d  and i f  no conver-  
gence i s  f o u n d   w i t h i n   t h e   s p e c i f i e d  number o f   i t e r a t i o n s   t h e   a t t e m p t   t o   f i n d  
a s o l u t i o n   f o r   t h a t   p a r t i c u l a r   p r o b l e m  i s  abandoned. When t h i s   o c c u r s  a 
message i n f o r m i n g   t h e   p r o g r a m ' s   u s e r   o f   t h i s   f a i l u r e   t o   c o n v e r g e  i s  p r i n t e d  
o u t   t o g e t h e r   w i t h  a s o l u t i o n   a v a i l a b l e   i n   t h e   m a c h i n e   a t   t h a t   t i m e .  The 
program  then moves on t o   t h e   n e x t   p r o b l e m   c o n d i t i o n .   W i t h   t h e   f i n a l l y   a c c e p t e d  
s o l u t i o n   f o r  any  problem  conduct ion,   heat  exchanger  weight,   actual   d imensions, 
and per formance  marg ins  (a lways  present   due  to   to lerances o r  convergence)  are 
es t ima ted  and t h e   s o l u t i o n s  made a v a i l a b l e  as o u t p u t   d a t a   s h e e t s   i n   e i t h e r   t h e  
s h o r t  o r  long  form  descr ibed  above.  

The  above  described  computer  program was w r i t t e n   f o r   t h e  I B M  7074 D i d t a l  
Computer  (an  AiResearch  in-house f a c i i i t y ) .   U t i l i z i n g   t h i s  program  on t h i s  
machine, i t  i s  p o s s i b l e   t o   o b t a i n   s o l u t i o n s   f o r   a p p r o x i m a t e l y  25  d i f f e r e n t  
m a t r i x   s u r f a c e s   i n   o n e   m i n u t e   o f   o p e r a t i n g   t i m e .   T h i s   p r o g r a m  can, t he re fo re ,  
be u t i 1   i z e d   t o   d e t e r m i n e   s o l u t i o n s   f o r  a l a r g e  number o f   s u r f a c e s  and a l a r g e  
number o f   p r o b l e m   c o n d i t i o n s   w i t h  minimum  usage o f   e i t h e r   e n g i n e e r i n g  o r  
mach i ne  t ime. 
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,APPENDIX D 

END SECTION PRESSURE LOSS COMPUTER PROGRAM 

There  are  two  types  of  end  section  design,  tr iangular and  rectangular, 
which may be considered. The program will calcu late  the  pressure losses I n  
the   f ou r   i nd i v idua l  ends o f   e i t h e r   t y p e   o f  design. The approach  taken t o  
determining  the  pressure  losses  in  the  two  types  of   design i s  s l i g h t l y   d i f f e r -  
ent, and they  are  descr ibed  separately below. The approach  used i n   t h i s   c m -  
puter  program i s  theoret ica l   on ly ,   but  it i s  be l ieved  tha t   the   theory  used 
will accurately  determine  the  t rue  pressure  losses. However, t he   ove ra l l  
pressure  losses  determined by use o f   t h i s  program were t rea ted   as  approxima- 
t i o n s   d u r i n g   t h i s  program and f i n a l   d e f i n i t i o n   o f   t h e   p r e s s u r e   d r o p  was not  
made un t i l   the   comple t ion   o f   the   f low  d is t r ibu t ion   tes ts .   Whi le   the   para-  
graphs  below  describe  both  the  approach  used f o r   t r i a n g u l a r  and rectangular  
end shape designs,  throughout t h i s  program o n l y   t r i a n g u l a r  end  sections were 
considered.  This i s  due to   the   very   low  ava i lab le   p ressure   losses   in   the  
Brayton  cycle  appl  icat  ion. 

TRIANGULAR END SHAPE DESIGNS 

It i s  f i r s t  necessary t o   d e f i n e   t h e  geometry o f   t h e  ends. Some o f   t h i s  
i s  o b t a i n e d   d i r e c t l y  from the  des ign  o f   the  counter f low  matr ix .   In format ion 
used  from  the  core  design  includes  core  widths,  stack-up  height, number o f  
passages on both  s ides and p la te  spac ing on bo th   s ides .   In   add i t ion ,   the  
he igh t   (h )   o f   t he  ends must be def ined,  together  wi th  the number o f   f i n s  and 
t h e   f i n   t h i c k n e s s   t o  be used on bo th   s ides   o f   the  ends. One fur ther   parameter  
i s  r e q u i r e d   t o   d e f i n e  end  geometry, and the  one chosen i s  t h e   r a t   i o  a/w de f ined 
in   F igu re  D-I. With  the  end  geometry  defined,  the  effect ive  f low  width and 
leng th   i n   t he  ends fo r   bo th   the   h igh   p ressure  and low   p ressu re   f l u ids  i s  ca l -  
culated. These e f f e c t i v e  dimensions  are  a lso  def ined  in  Figure D-l. With 
bo th   f l ow   ra tes  and a l l   t e rm ina l   p ressu re  and temperature  condi t ions  o f   the 
heat  exchanger known, the  pressure  losses  are computed by the  fo l lowing  steps. 
Mass v e l o c i t y  on one s i d e   o f  one end i s  computed us ing   the   appropr ia te   f low 
and based on the   e f fec t i ve   f l ow   w id th .  Reynolds number i s  computed from 
v i scos i t y   ( read   cu rve )  and from  hydraul ic  d iameter o f  t he   f i n   spac ing   se lec ted  
( ca l cu la ted   w i th in   t he  program). F r i c t i o n   f a c t o r  i s  a lso   ob ta ined from an 
appropriate  stored  curve  (Reynolds number v e r s u s   f r i c t i o n   f a c t o r   f o r   s u r f a c e  
t o  be considered i s  p a r t  of the  program  input). An entrance  shock  loss 
c o e f f i c i e n t  i s  determined from the  a rea   ra t io   (end  sec t ion   f ree   f low  a rea   to  
f rontal   area)  f rom a stored  curve.  Other  curves  used  by  the  computer  program 
are  the  laminar  expansion and c o n s t r u c t i o n   c o e f f i c i e n t s  and the   tu rbu len t  
expansion  and  contract   ion  coeeff   ic ients  taken  f rom "Compact Heat  Exchangers" 
by W. Kays and A. L. London (Reference I). I f  the end sect  ion  Reynolds number 
i s  lower  than 2000, the  laminar  curves  are used. For  Reynolds numbers  above 
th is   va lue   the   tu rbu len t   curves   a re  used. A second  expansion  or  contraction 
loss  i s  a l l owed   fo r  between  the  end  sect ion  and  the  straight  counterf low  core 
based on the   a rea   ra t   i o  between the end sect   ion  f ree  f low  area and the  counter- 
f l ow   co re   f ree   f l ow  area. A t  t h i s   j unc t i on ,   t he re  i s  a l s o  a tu rn ing  loss based 
on the  angle 8 def ined  in   F igure  D - I .  The c o e f f i c i e n t   f o r   t h i s   t u r n i n g   l o s s  
i s  taken  from  the SAE Aeronautical  Information  Report No. 23 (Reference 2) .  
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EFFECTIVE FLOW WIDTH  (LP)  = y 

EFFECTIVE FLOW WIDTH  (HP) = x 

EFFECTIVE FLOW LENGTH ( L P )  PER END = x/2 

EFFECTIVE FLOW LENGTH ( H P )  PER  END = y/2 

TURNING ANGLE ( L P )  = 'L 1 S I N  8 1s USED I N  PROGRAM 
TURNING ANGLE (HP)  = eH 1 
NOTE:  SKETCH SHOWS TWO ENDS OF TRIANGULAR  DESIGN TOGETHER,WITH CORE REMOVED 

A - I U Z O  

Figure D - I .   T r i a n g u l a r   E n d   G e o m e t r y  
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The overa l l   p ressure   loss  i s  then computed from  the sum o f   t h e   f r i c t i o n  term, 
t h e   i n l e t   f a c e  shock  loss, t h e   v e l o c i t y  head  change and tu rn ing   l oss   a t   t he  
j u n c t i o n   o f   t h e  ends w i t h   t h e  core. Each o f   t h e   f o u r  ends, low  pressure  in le t  
and o u t l e t  and h igh   p ressure   in le t  and ou t le t ,   a re  computed separate ly   a t   the 
a p p r o p r i a t e   f l u i d   p r o p e r t i e s  and w i t h   t h e   a p p r o p r i a t e   t y p e   o f  shock loss  
(expansion  or   cont ract ion) ;  The two  ends of   the  heat   exchanger   are  ident ica l  
in   the   ca l ,cu la t ions ,   bu t  i f  non-s imi la r  ends are  required,  the  resul ts  obtain- 
ed f r o m   d i f f e r e n t   s o l u t i o n s  may be combined. 

RECTANGULAR END SHAPE DESIGN 

Wi th   th is   t ype   o f   des ign  and with  the  core  geometry  speci f ied,   only  the 
height  (h)  and t h e   f i n   c h a r a c t e r i s t i c s   o f   t h e  end  need be def ined.   In   the 
s t ra igh t   th rough  ( low  p ressure)s ide   o f   the   un i t ,   the   p ressure   loss   in   the  ends 
i s  computed from a f r i c t i o n   t e r m  and from a s ing le  shock loss  based  on the 
f r e e   f l o w   t o   f r o n t a l   a r e a   r a t i o .   I n   t h e   h i g h   p r e s s u r e   s i d e  where the   f l ow  
e n t e r s   a t   r i g h t   a n g l e s   t o  i t s  f l o w   p a t h   i n   t h e  core, the  pressure  losses  are 
more complicated. Two v e l o c i t y  heads are computed, one based  on  entrance and 
ex i t   a reas   " tha t  is, based on h), and one based  on the  second set o f  f i n s   i n  
the  end  (uses  core  width, w). Us ing   the   ve loc i ty  head based on h, a f r i c t i o n  
term i s  c a l c u l a t e d   f o r   t h e  f i r s t  set   o f   f ins ,  a shock loss   fo r   the   en t rance  o r  
e x i t ,  and a shock loss  (expansion  or   cont ract ion)   f rom  these  f ins  in to   the 
second  set. A t u rn ing  loss  coe f f i c i en t ,   a l so  based on the   "h "   ve loc i t y  head, 
i s  added to   t he   p ressu re   l oss .   Th i s   coe f f i c i en t  i s  an i npu t   quan t i t y  and 
should  normal ly be based  on a 90' t u r n  (1.6 from SAE 23). The turn ing  coef -  
f i c i e n t  was l e f t  as an input   quant i ty  so t h a t  i t  may be var ied   a t   the   users  
discret ion.   This  approach i s  o f   p a r t i c u l a r  advantage i f  tes t   da ta  i s  obtained, 
as t h e   c o e f f i c i e n t  may be v a r i e d   u n t i l  agreement w i th   t he   t es t   da ta  i s  achieved. 
The v e l o c i t y  head  and the second s e t  o f   f i n s  i s  used o n l y   t o  compute a f r i c t i o n  
drop  through  that  section. 

INPUT REQUIREMENTS 

The above described  computer  program was w r i t t e n   i n   F o r t r a n   f o r  use i n  a 
h igh  speed d i g i t a l  computer. The complete 1 i s t i n g  o f  the  input  parameters 
r e q u i r e d   f o r   t h i s  program i s  shown in  Table 1 .  This   tab le   de f ines   the  name o f  
the  parameter as used i n   t h e  program  together  wi th i t s  phys ica l  meaning. I n  
addi t   ion  to   the  parameters  def ined  in   Table I ,  fur ther   in format   ion i s  ava i l ab le  
in  the  program  in  the  form  of   the  Lagrangian  tables.  T h i s  method o f   p r o v i d i n g  
input   in format ion  permi ts   the  computer   to   in terpolate  accurate ly ,   in format   ion 
no rma l l y   i n  a curve  form.  There  are a t o t a l   o f   n i n e   t a b l e s   o f   i n f o r m a t i o n  
g i ven   i n   t he  computer  program and these  are 1 i s t e d  below. 

Table 1 .  Temperature ( O R )  v s   V i s c o s i t y   ( l b   p e r  sec f t )  fo r   p ressure  
s i d e   f l u i d .  

Table 2. Temperature ( O R )  vs V i s c o s i t y   ( l b   p e r  sec f t )  fo r   h igh   p ressu re  
s i d e   f l u i d .  

Table 3. Reynolds number vs f r i c t i o n   f a c t o r   f o r   l o w   p r e s s u r e   s i d e   f i n s .  
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TABLE D- I 
END  SECTION 

COMPUTER PROGRAM I N P U T  

CARD I T i t l e  of Job t o  be Run 

I n s e r t   T a b l e s   a t   t h i s   p o i n t  

CARD 2.  Control  Card  for  Other  Varlables  (315) 

J i  No. of  sets  of  cards 3 and 4 ( 5  max) 

52  No. o f   se ts   o f   cards  5 and 6 ( 1 2  max) 

J3 No. of  sets of cards 7 (50  m x )  

CARD 3. 

WIDTH Heat  exchanger  Cora w id th  - in.  

ANPL Total  No. of passages on IUA pressure  slde  of h u t  uchanger 

ANPH Tota l  No. o f  passages on high  pressure  slde  of  heat  exchanger 

A LN Stack-up height   o f   heat  exchanger, in.  

HPL Plate  spacing, low pressure  r ide, in. 

HPH Plate  spacing,  high  pressure  side, in.  

TEST I = 0.0 i f  t r i a n g u l a r  ends = 1.0 i f  rectangular ends 

BWL 

CARD 4. 

BWH 

UTF 

AK 

CARD 5 .  

WL 

WH 

TINL 

TINH 

TOUTL 

TOUTH 

PINL 

PINH 

CAR0 6 .  

POUTL 

POUTH 

ROEL 

ROEH 

CARD 7.  

HEIGHT 

RATIO 

ANFL* 

ANFH 

TFL 

TFH 

Ac/bw f o r   f i n s   i n   c o u n t e r f i a r   c o r e ,  l a ,  pressure  sida. 

AWbw for   f ins   in   counter f low core, h igh  pressure  s ide 

Walght  factor, Weight o f  ends - WTF X Voium 

Turning loss coe f f i c i en t   f o r   rec tangu la r  ends 

(Normally = 1.6 rectangular 0.0  t r i a n g u l a r )  

Flow  rate, low pressure  side, I b   p e r  sec 

Flow  rate,  high  pressure  side,  Ib  per sac 

I n l e t  temperature, L.P. side, O R  

I n l e t  temperature, H.P. side, O R  

Out le t  temperature, L.P. side, OR 

Outlet  temperature, H.P. side, OR 

I n l e t  pressure, L.P. s ide,   ps ia  

I n l e t  pressure, H.P. s lde,   psia 

Outlet  pressure, L.P. s ide,   ps ia  

Outlet  pressure, H.P. s ide,   ps ia  

Density  factor, L.P. s ide  p = ROEL 

Densi ty  factor,  H.P. s ide  

Height of t r i a n g l e  or rectangle,  defined in F lguro  36. 

a/w as def ined  in   F igure  36 i f  greater  than 0.5 wider  face w i l l  

be l a ,  pressure  side, if less than 0 .5  wider  face wiii be h igh  

pressure  slde. 

No. of  f ins  per  inch, i n  low pressure ends. 

No. o f   f lns   per   inch,   in   h igh  pressure ends. 

F i n   t h i c k n e s s   o f   f l n s   i n  low pressure ends, in.  

F in   th ickness   o f   f lns   in   h igh   p ressure  ends, in. 

*If des i red   t o  look a t   ze ro   f i ns  on e i t h e r   s i d e  ANF ., 0.0 and also TF - 0.0. 
Care should be taken i n   t h i s  case t o  ba s u r e   t h a t   f r l c t l o n   f a c t o r  i s  f o r  
f l o w  between f l a t  plater.  
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Table 4. 

Table 5. 

Table 6. 

Table ‘7. 

Table 8. 

Table 9. 

Reynolds number vs f r i c t i o n   f a c t o r   f o r   h i g h   p r e s s u r e   s i d e   f i n s .  

Area R a t i o  vs  Laminar  Expansion  Coefficients. 

Area  Rat i o  vs  Laminar  Contract  ion  Coeff icients. 

Area Rat io  vs  Turbulent  Expansion  Coeff ic ient .  

Area Rat io   vs   Turbulent   Contract ion  Coef f ic ients .  

Turning  Angle  vs  Turning  Coeff ic ient .  

The data  used in   these  tab les  may be s to red  up t o  30 p a i r s   o f   p o i n t s  and 
i n t e r p o l a t i o n   o f   t a b l e s  i s  performed  by  the  computer  by  drawing a second order  
curve  through  the  nearest   three  points  to  the  table  entrance  value. 

OUTPUT INFORMATION 

A typ ica l   ou tpu t   sheet  from t h i s  computer  program i s  shown in   F igure  
The f i r s t  l i n e   o f   d a t a  shows the  f low,  temperature,  pressure  data  being  deter- 
mined. The second 1 ine  defines  the end  geometry  being  evaluated  while  the 
t h i r d  1 i ne   i den t i f i es   t he   coun te r f l ow  core. The f o u r t h  1 ine  of   canputer  output 
p r e s e n t s   t h e   s o l u t i o n s   f o r   a l l   f o u r  end  pressure  drops. Here, pressure  drops 
are shown in   bo th   ps ia  and as a percentage  o f   the  in le t   pressure on the  appro- 
p r i a t e  side. The f i f t h  and l a s t  1 ine  of   the  output  presents some a d d i t i o n a l  
information  which may be o f   b e n e f i t   t o   t h e  user.  This  information  includes  the 
volume o f  one  end, the  length  o f   the two sides o f  t h e   t r i a n g u l a r  end  and a l s o  
the   appropr ia te   hydrau l   i c   rad i i  and the  Reynolds number i n   a l l   f o u r  end  sections. 
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APPENDIX E 

STRESS  ANALYSIS OF  RECUPERATOR  MOUNTING 
AND SYSTEM  INTEGRATION 

ASSUMPTIONS 

1 .  Consider   the  whole  un i t ,   inc lud ing  the  p ipes  connected  to   the 
pans, as a r i g i d  body. 

2. The pos i t i ons   o f   t he   cen te rs  o f  mass are   p icked up by  estimates 
based  on the  NASA Drawing  dated  July 20, 1966. 

3. The whole u n i t   i s   s u p p o r t e d   a t  Si ( I  = I ,  through i = 4) as 

shown i n   F i g u r e  E- I .  

4 .  Attach a se t  o f  mutua l l y   perpend icu la r   un i t   vec tors  II~ ( i  = I, 2, 3)  

t o   t h e   u n i t  and l e t  OX i  ( i  = I ,  2, 3 )  be  the  assoc iated axes. 

LOADS  FORMULATION 

I n e r t i a  Forces 

Suppose there   a re  n r i g i d   b o d i e s  B i  ( i  = I ,  n )   o f  mass m and Bi* the 

corresponding mass center .   Let  2 be the   acce le ra t i on   vec to r  o f  the system, 
E. t h e   i n e r t i a   f o r c e s   e x e r t e d   a t  B * due t o  2, then 

i ' 

I i 

-i F = -m.a 
I- 

i = I ,  .., n 

where 
3 

- a = C a . l  
j=l  J j  

i = I ,  .., n 

w r i  t e  
3 

i = I, .., n 

where 

Fij i-j = -m a 

\ 
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L.P.  OUTLET X, VERTICAL \ I L I N E  

CORE 
(400 LB) 

I 

INLET 
I LB) 

l a  A s /  

INLET 
6 LO) 

NOT E : 

H.P. - HIGH PRESSURE 
L.P. - LOW PRESSURE 

Flgure E- 1 .  Loads Fonnulatlon 
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Let  q ( i  = I ,  .., n)   be   the   pos i t ion   vec tors  o f  B y y  r e l a t i v e   t o  0 .  The 

" e q u i v a l e n c e "   o f   t h i s   s e t   o f   i n e r t i a   f o r c e s   r e l a t i v e   t o  0 can  be  repre- 
sented by a s i n g l e   f o r c e  1 and a torque 1, 

3 
= C F . 1  

j = l  J j  

where 

n 
F = F i j  
j i = l  

and 

n 
- T = li x T i  

i = I  

-i r can  be  resolved  into  three components p a r a l l e l  t o  n (i=l, 2, 3), i .e . ,  -i 

3 

- 1  
r. = C r .  .n 

j= l  I J-j 

subs t i tu t ion   Equat ions  (3 )  and ( 7 a )  i n t o  ( 7 )  yiel.ds 

3 
- T = T . 2  

j= l  J j  

where 
n 

T~ = C [ r i 2 F i 3  - ri3Fi21 
i= l  

n 

i = l  
T3 = C [r i  IFi2 - rizFi 11 

e.. I 



Reaction  Forces pi and piy 

Figure E-2 

I n   o rde r   t o   a l l ow   the   expans ion  due t o  thermal  growth, we make two 
s l o t s   a t  S I  and S4 w i t h   t h e i r   l o n g e r  axes  para1 l e 1   t o  0x1  and O X 2  axes 
respect ive ly ,  an ove rs i zed   ho le   a t  S3 and a f i x e d   h i n g e   a t  S 2  as shown i n  
F igure  E-2. Consequently,  the p i ' s  and Pi*ls a re   under   ce r ta in   res t r i c t i ons ,  

I .e., 

S I  Can not r e s i s t   t h e   f o r c e s   i n  '11 d i r e c t i o n  

S 2  Can r e s i s t   f o r c e   o f  any d i r e c t i o n  

S3 Can only r e s i s t   t h e   f o r c e s   i n  ~II~ d i r e c t i o n  

S4 Can not r e s i s t   t h e   f o r c e s   i n  ?n2 d i r e c t i o n  

Based on  the above assumptions, we  may w r i t e   t h e   r e a c t i o n   f o r c e s  Q. ( i = I ,  .., 4) as I 
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Let  Si (i = I ,  through 4) be  the  supports and Pi be the   reac t ion  

forces due t o  1 alone,  and  they  can  be  resolved i n t o   t h r e e  components 
p a r a l l e l  21, 112, 13, i.e., 

3 
P = C P.. n -i j = l  I J  -j 

i = I ,  .., 4 
f rom  equi l ibr ium,  we ob ta in  

4 
C p i  = F  - 
i = I  

Furthermore, l e t  Ji be  the   pos i t ion   vec tors  o f  S i  r e l a t i v e   t o  0, then 

3 

j= l  
-i rl = c T i j  lj 

li X pi* = - T 
i=l 

where piw are   the   reac t ion   fo rces   a t  S i  due t o  1 alone. 

I .  Due t o  1 

p 4  = p4 I 1 1 1  + p43 1 3  
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S i nce 

2. Due to  I 

4. Due to TII ( T 2 )  

I1  I1 11 I1 p 2 3  = P4, = 'PI = 'P33 

4aPp3 = T2 
I1 



5. Due to TII (T3) 

ss 
t x 2  (22) 

c 

Figure E-3 

I11  I11 
1 2  = - 2 2  

I11 2 a P 1 1 1 21 + 2bP 41 = T3 

I I 
21 "- b 
" 

Substitute  (27)  into (25) and solve for P I 2,  
I11 

2 a P 1 1 1 ~  2 + 2b (--) P 1 2  = T3 
b I11 

2a( I + 7) = T3 b 2  
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Fran Equations (19) - (28) ,  we o b t a i n  

* I 
P I 2  = bZ T3 C l T 3  

2 4  I + 7) 

P.13 = - = CzTl - C3T2 
* 

4b  4a 

P33  = - (5 + -2) = - P z 3  
Y T Y 

4a 

Y Y 

p 4 3  = 4a 4 b  
Is: - L - P I S  

Y 
4 3 3  = P33  + P33  
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p 

LOAD CALCULATIONS 

1 

Name 

Core 

High  pressure 
i n l e t  

High  pressure 
o u t   l e t  

Low pressure 
i n l e t  

Low pressure 
ou t   l e t  

High  pressure 
i n   p i p e  

H i  gh pressure 
D U t  p ipe  

Low pressure 
i n   p i p e  

Low pressure 
wt p ipe  

TABLE E - I  

LOAD DATA 

Estimated 
Maxi mum 

Weight, I t  

4 00 

31.1 

44.8 

28.6 

41.8 

IO 

5 

15 

20 

XI,  in. 

0 
( 10.97)  

7.75 
( -1 .12 )  

( 0 . 5 )  

4 .00 

-8.95 

( - 0 . 5 3 )  

-4.23 
-0.19 

-I .52 
-2.35 

-18.80 
0 .  I 

0 .80  
- I  .50 

- 12.00 

X2, in.  

0 

0 

0 

0 

0 
-4.95 

-39.50 
0 

0 
-4.45 

-35.60 
- I  .63 

-13.05 

X3, in. 

0 
( I . 2 4 )  

9.92 
( - I  .05) 

-8.40 
( - 1 . 1 )  

-8.80 
( I  . 5 8 )  

12.62 
I .90 

15.20 
-2.35 

- ! 8 . 8 0  
- I  .07 

-8 ..55 
-4.13 

33.00 
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a .   F i j  = - H.a 
~j 

F I t  = - Mtal = - mlg = - BOO 

Therefore, Fi are  given  as follows: 

Fij 

i = l  

i = 2  

i = 3  

i = 4  

i = 5  

i = 6  

i = 7  

i = 8  

i = 9  

j = l  j = 2  

-400 0 

-32 0 

-45 0 

-29 0 

-42 0 

-10 0 

-5 0 

-15 0 

- 20 0 

j = 3  

0 

0 

0 

0 

0 

0 

0 

0 

0 

17 5 



T , = O  

9 

r13F1 I - I - I I F I ~  = 0 

r23F2l - r 2 1 F 2 3  = ( 9 . 9 2 ) ( - 3 2 )  = -317 

T33F31 - r31 F33 = ( - 8 . 4 ) (   - 4 5 )  = 378 

r43F41 - rbIFb3 = ( - 8 . 8 ) ( - 2 9 )  = 255 

r5 ,FS I  - r 5 1 F 5 ~  = ( 1 2 . 6 2 ) ( - 4 2 )  = -531 

r63F61 - r61F63 = ( 1 5 . 1 2 ) ( - 1 0 )  = -152 

r 7 , F 7 ,  - r 7 1 F 7 3  = ( - l 8 . 8 ) ( - 5 )  = +94 

r a 3 F a l  - r S l F a 3  = ( - 8 . 5 5 ) ( - 1 5 )  = + I 2 8  

r,,F, I - r 9 l F 9 S  = ( 3 3 ) (   - 2 0 )  = -660 

T t  = - 805 l b - i n .  

9 
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r 8 t F 8 2  - r82F8t  = - ( -35 .16 ) ( -15 )  = -534 

r91F92 - r 9 2 F 9 t  = - ( -13 .05 ) ( -20 )  = -261 

T3 = - I I90 I b - i n .  

Take  2 = Q?Z 

F1 = 0 

Fz = -598 I b  

F3 = 0 
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+ r73F72 + r83F82 + r93F9zI 

’ = - [ (0) ( -400)  + (9.92)(-32) + (-8.4)  (-45) + (-8.8)(-29) 

+ (12.62)(-42) + 1512)(-10) + ( - l8 .8 ) ( -5 )  

+ (-8.55)(-15) + (33)(-2O)] 

T I  = 805 Ib - in .  

Tz = 0 

9 

i= I 
T3 = C [ r i l F i 2  - r ip f i l l  

+ “61F62 + r71F72 + r81Fnz + r 9 1 F 9 z I  

= [(O)(-400) + (7.75)(-32) + (-8.95)(-45) + (4.0) ( -29)  

+ (-4.23)(-42) + ( - l .52) ( -10)  + ( - l8 .8 ) ( -5 )  

+ (0.8) ( -15)  + ( - l 2 ) ( - 2 0 ) ]  

T 3  = +553.2 l b - i n .  

Take 2 = 93 

a1 = a 2  = 0 

a3 = 9 

a. F. = - M.a 
I j  ~j 

Fi2 = Fi3 = 0 

for i = I , . * * ,  9 
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F. .  j = 3,  i = I , * . * ,  9 
I J  

F13 = -400 

F23 = -32 

F33 = -45 

F43 = -29 

F53  = -42 

b. F.  and T (j = I ,  ..., 31) 
J j 

F I  = -Mal = 0 

F2 = -Map = 0 

F3 = -Ma3 = -598 I b  

9 

i= I 
T I  = C [ r i 2 F i 3  - r F 1 i 3  i 2  

= [ ‘12F13 = r 2 2 F 2 3  + r 3 2 F 3 3  + r 4 2 ~ 4 3  + r 5 2 ~ 5 3  

+ ‘ 6 Z F 6 3  + r 7 2 F 7 3  + r 8 2 F 8 3  + r 9 z F p s I  

= [0 + 0 + 0 + 0 + 0 + ( - 3 9 . 5 ) ( - I O )  + 0 

+ ( - 3 5 . 6 ) ( - 1 5 )  + ( - 1 3 . 0 5 ) ( - 2 0 ) ]  

T I  = 1190 I b - i n .  

9 

i = l  
Tz = C Cri3Fi I - T i  

= - C r t  IF13 + ‘ Z I F 2 3  + r 3 1 F 3 3  + r 4 1 F 4 3  + r 5 l F S 3  

+ r 6 ~ F 6 3  + r71F73  + r81F83  + ~ P I F P S I  

= - [ 0  + I 7 . 7 5 ) (   - 3 2 )  + ( - 8 . 9 5 ) (   - 4 5 )  + ( 4 ) (  - 29 )  

+ ( - 4 . 2 3 ) ( - 4 2 )  + ( - l . 5 2 ) ( - 1 0 )  + ( - l 8 . 8 ) ( - 5 )  

+ (0.8)(-15) + ( - 1 2 ) ( - 2 0 ) ]  

T2 = -553.2 l b - i n .  
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T3 = 0 

TABLE E-2 

UNIT VECTOR FORCE AND MOMENT RESULTANTS AT REFERENCE CENTER 

b1 

0 -553.2 I I90 -598 0 0 l g  0 0 

553.2 0 805 0 -598 0 0 l g  0 

- I  190 -805 0 0 0 -598 0 0 l g  

T3  T2 T I  F3 F2 F I  a a2  

it 
P i i ,   P i  fo r  2 = gzt 

a = 0 . 9  x 8 = 7 . 2  in .  

b = 2 .9  x 8 = 23.2 i n .  

Compute 

1.08 x to-' i n . - '  

it * 
p Z 2  = - P I ,  = 7.27  l b  
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= C I T 3  = (0.61 X 10'2)(553.2) = 3.37 l b  
it 

P I 3  = C2Tl - C3T2 = (1.08 X 10-2)(805) = 6.69 l b  
it 

p:l = C 4 T 3  = (-1.96 X 10'2)(553.2) = -10.85 l b  
Y * 

P 2 2  = - P I 2  = - 3.37 I b  
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P*J = 0 

PJ3 = 0 

P 4 ,  = 0 

P 4 j  = 0 

P i 2  = C l T s  0 

Py3 = C 2 T l -   C 3 T 2  = ( I  -08 X I O m 2 ) (  1190) - ( 3 . 4 7  X I O m 2 )  ( - 5 5 3 . 2 )  

* 

= 12.85 + 19.2 = 32.05 Ib 

P p ,  = C 4 T 3  = ( -1 .96  X 10’2)(0) = 0 * 

P a 3  = C 2 T l  + C 3 T p  = ( I  e 0 8  X IO“) (  1190) + ( 3 . 4 7  X 10’2)(-563.2) 
It 

= 12.85 - 19.2 = - 6.35 l b  
* 

P33 = P* = 6.35 Ib 23 
* P 4 ,  = - P 2 l  = 0 It  

* * 
P 4 3  = - P 1 3  = -32.05 Ib 
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-7.27 + O = -7.27 l b  

+27.90 + 0 = 27.90 l b  

+23.30 + 299 = 322.30 I b  

+7.27 + 0 = 7.27 Ib 

-27.90 c 0 = -2.7.90 l b  

t27.90 + 0 = 27.90 l b  

-23.30 -+ 299 = 275.70 Ib 

-27.90 + 0 -27 .90  Ib 

3.37 + 299 = 302.37 l b  

8.69 + 0 = 8 .69   lb  

10.85 + 0 = -10 .85   lb  

-3.37 + 299 = 295.63 Ib  

8.69 + 0 = 8.69 Ib 

-8.69 + 0 -8.69 l b  

10.65 + 0 = 10.85 Ib 

-8.69 + 0 = -8.69 l b  

O + O  = O I b  

32.05 + 149.5 = 181.55 lb 

0 + 0  = O l b  

0 + 0  = O l b  

-6.35 c 149.5 = 142.15 I b  
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Q S 5  = 6.35 + 149.5 = 155.85 l b  

Q b l  = 0 + 0 = 0 l b  

Q b S  = -32.05 + 149.5 = 117.45 l b  

Figure E-4.  
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TABLE E-3 

REACTION 
DUE 

FORCES  AT  SUPPORTS S 1 ,  S2,  S3, S4 
TO UNIT G I N  EACH DIRECTION m2 

"Maxi mum 

- 
Q I  I 

0 

0 

0 

- 

- 
302.37  18.69  1-10.85 I 295.63 I 8.69 I 0 

0 181.55" 0 0 142.15 0 

TABLE  E-4 

HORIZONTAL  RESULTANT 

I a - 

IS 

S I  

% =  
[ Q 1 1 2  + Q1z21 3 

7.27 

302.37 

0 

s 2  

Qs = 

[Q2l2 + Q2z21 
h 

322.5" 

295.8 

0 

4 3 2   4 3 3  G I  Q l r  443 

0 27.9 275.7 0 -27.9 

0 -8.69 10.85 0 -8.69 

0 155.85 0 0 117.45 

SS I 5 4  

275.7 

IO. 85 

0 

1 

*Max i mum 



DESIGN  ANALYSIS OF BRACKETS FOR SHOCK AND VIBRATIONS 

Desiqn of  Bracket  Hountinq 

I AssumDt i om 
I ;  Vibrat ion  Transmissib i l i ty  = 2.5  (See  Reference I )  

2. IO cps I s o l a t i o n  System Shock Response (See  Reference  2) 

- =  7 

2 0.005 sec 7 = 0.01 

7 - = - = 0.1 
T 0. I 

0.01 

Shock Factor = 0.3  

7 = 0.01 

7 - =  
T 

Shock Factor = 0.3 

0. I 

T, = 0.008 

" 
7 
T -  

Shock Factor = i; (0 .25)   0 .3 

o. 08 

4 

2. Total  Load 

Vibratory,  2.5 x 6 = 15 g 

Shock, 0 . 3  x 35 = 10.59 

Steady  Acceleration a 
30.59 

Use 309 i n  la combined with  another  309  in 11 o r  132 d i rect ion.  



3. React ions  a t  S, ( i  = I , a * ,  4) 

Case I a = 30gn1 + 30g& 

Case I1 - a = 30gn2 + 30gn3 

Forces  are shown on  Table E-5 for   these  two  load  condi t ions.  

4. St ruc tu ra l   I n teg r i t y   (F i r l u re  E-51 

For 0.004 i n .   t h i ck   F in ,  20 Fins  per  in.,  I i n .   h lgh  specimen 

A = 20 x 0.004 = 0 . 0 8  in. ' 

E = 28 x I O 6  p s i  

a = 1.25 i n .   ( l e n g t h   o f   t h e  specimen) 

AE 
k l = T = -  x 28 x IO6 = 1.79 x IO6 ps i  I .25  

From the   tes t   resu l ts   o f   these  f ins   (Reference 3 )  

Assume 

1.5 x IO' p s i  

k 2  = C -  = a AE c k l  

= = 1.5 x 104 
k l  1.79 x IO6 = 

I n   t h e   a c t u a l   r e c u p e r a t o r ,   t h e   f i n  geometry i s  

0.006 i n .   t h i ck   F in ,  16 Fins  per  in.  

A = 16 x 0.006 = 0.0096 in. '  per 

E = 28 x IO6 p s i  

a = 5 in .  

x 10'2 

, a = 5 in. 

in .  

k = C - = c0.84 x IO"] x x 28 x I O 6  AE 
a 

= 0 .45  x IO' p s i  

Use k = 0 .45  x IO' p s i  
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T A B L E   E - 5  

LOAD  RESULTANTS 

Support 
Stat  i o n  

s2  

s3 

s4 

CASE I 
309 LONG. + 309 I N  XI A X I S  

F3=6290 L B  

F, = 0 

F =5510 

FI = 8260 

CASE 2 
309 LONG. + 309 I N  X2 A X I S  

F, = 0 

F =4410 

F, = 0 

F =3270 

F, = 326 
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- 
A 

2% r o  1 
7 1-3/ I6  

I I N .  

8.125 

I 

1 - 6  "I 
I IN. 

A 1 
I 

A 
V 

IN. t " F2 
3(2 

Figure E-5. S t r u c t u r a l   I n t e g r i t y  Analysis 
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Find X (See Reference 41 

X = 4& (See P.4 ,  of  Reference 4) 

where 

k = 0.45 x IO' ps i  

E = 28 x IO6 ps i  

1 = 12 (0.06)' I 

:. x = I .22 

a = (See P. I I o f  Reference 4 )  

a = - x - = 1.93 in. 3 n  
4 1.22 

1 .  Due t o  Fz 

p p  = F2/8, LB/IN. 

Figure E-6 
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P. = F2/8 = 9070/8 = 1134 I b  per In. 

12q2 + 6.43 q2 = 2 X 1134 I b s  per  in. 

1134 x 2 

' X I I34 X 2 = 0.108 X I I34 

ps i 

.', qz = 122.5 psi 

2. Due t o  F3 

React ion  force  d is t r ibut ion 
a long   the   ver t ica l   l ine  through 
Point  C (see  Figure E-5) i s  assumed 
as shown opposite and horizontal  
d i s t r i b u t i o n  i s  assumed the same 
as  that   in   Figure E-6. 

i 8 I N .  

I 

191 



P3 = 5710 x x x = 1070 I b   p e r  In. 4 X 2 X 8  

q j  = ( 0 .  108)( 1070) = 115.5 p s i  

q = q2 + q3 = 122.5 + 115.5 = 238 PSI 

I f  F3 i s   a p p l i e d  1.5 i n .  away f rom  the   s ide   p la te   o f   the   core   ins tead  o f  
2 in. 

y P3 x  4 x 5 x ' 8  = 5710  x 7 I 3 

P s  = 5 7 ' 0  x x x = 8.5 1b per  in.  2 X 4 X 2 X 8  

q3 = ( 0 .  108) x ( 8 0 5 )  = 87 ps i  

J) qTOT = q2 + q3 = 122.5 + 87 = 209.5 p s i  

T h i s   i s   s a f e  compared to   es t ima ted   f i n   c rush ing   l oad   o f  250 psi  (based  on 
results  from  Reference 3 ) .  

3.  Let  OC be 1.5 i n .  Then 

q = 209.5 ps i  

p2 ( p  due F 2 )  + 7 (7 .93  x 122.5) = 1134 
I 

= 649 l b   pe r   i n .  

P 3  = Z P 3  = - 649 
I 134 ( 8 0 5 )  

= 0.572 X 805 

= 460 l b   p e r   i n .  

p = p2 + p3 = 649 + 460 = 1109 l b   pe r   i n .  

Desqin o f   Suppor t i nq   P la te  

3 x 3 x q  = 5710 ( 3 x   3 x " )  3 
16 

q = 635 ps i  
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I f  use 2 x 3 in . '   instead  of  3 x 3 i n . '  I 

q = 760  psi 

From Timoshenko's  "Theory o f  Plates and Shells"  P.210,  (Reference 5 )  

a = 3 in.  

b = 2.5  in.  

- = - =  b 
a  3 2 '5  0.833 

From Table  39 on p. 210 

a 
A t x  = 7 y = b (x  = 1.5  in,  y = 2.5 i n . )  

MX 
= (0.076) ( qa2 ) 

= (0 .076)  X ( 3 ) '  X (760) 

= 520  in. I b  

A t  X = T , Y  = 0 
a 

M = 0.169 X q X b2  
Y 

= (0. 169) (760) (2 .5 ) '  

= 802 i n .   l b  

A t  D, ( x  = 1.5 in . ,  y = 0)  

o f  = ( M  ) (;) = 802 x 1.71 x IO' = 13.7 x IO' psi I 
Y Y 

9070 
Y 3 
- - - 16,100 psi 

3 x 1 6  

u = I3JOOO + 16,lOO = 153,100 psi  
Y 
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A t  F (X  = p ,  y = b) a 

Mx = 520 in .  I b  

u = 1.71 x 10' x 520 = 88,900 psi  
Y 

u = 88,900 psi 

I f  use 3 x 2.5 x 3 supporting  plate 

Y 
3 

A t  D, ( x  = 1.5 in . ,  y = 0) 

u = 802 x 42.7 = 34,200 psi 
Y 

u t t  = - = 9070 8060 psi 
3 x -  8 

Y 3 

u = 34,200 + 8060 = 42,260 psi 
Y 

A t  F ( x  = 1.5 in . ,  y = 2.5 i n . )  

u = 520 x 42.7 = 22,200 psi  
Y 

2 T X 3 X 3  I 3 
supporting  plate 

urnax = 42,260 psi 

6 x 8 ~ -  I 
8 Reinforcement P l a t e  

4 x 6 ~ ~  3 Base Plate  of  the  Bracket 

2 - x 3 x x  I 3 
2 Supporting  Plate o f  the  Bracket 

q = 209.5 psi  

p = 1109 l b  per  in.  
2 Core 

I 
U = 42,260 psi - Supporting  Plate 

max 
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Desiqn of the Bolts, ( A t  S t )  

5 Use b o l t  

A = (i)' = 0.306 in . '  

I .  Tension 

57 IO 
u t =  - 0.306 = 18,670 psi 

2 .  Shear - 
Ob " =  

- 9070 
0.306 29,600 psi 

3 .  Pr inc ipa l  Stresses 
I 

= 9335 + 3 I 100 

CT = 40,435 psi nn 

u = 31,100 psi ss 

4 .  Compression a t  Contact  Area 

9070 
( 5 =  

C 
= 38,700 psi x 4 = 155,000 psi 

Use 5 / 8  bol ts  

- X 2 X I O  bo l ts  5 
a 
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Thermal  Expansion 

CY = 6.5 X OF 

A ,  = 2 .3  x 8 = 18.4 i n .   ( i n .  O X I )  

A’2 = 5.05 x 8 = 40.4 i n .   ( in .  O X 2 )  

T = 1200 OF 

61 = CYAIT = 6.5  X X 18.4 X 1.2 X IO3 

= 0. 1434 i n .  

6 2  = 
6 1  x a ,  = ( 0 .  1 4 3 4 ) ( 4 0 . 4 / (   1 8 . 4 )  

= 0.315 i n .  

The s i z e s   o f   t h e   s l o t s   a r e  shown i n   F i g u r e  E-7.  

ALLOWABLE  LOADS  AT  DUCT  FLANGE  LOCATIONS 

Assumptions 

1 .  System star t -up  and  operat ion does no t   co inc ide   w i th  
1 i f t - o f f .  

2 .  Pressure  forces  a t   f lange  po ints  w i  1 1  be due t o  Ap = 

launch and 

13 ps i  max. 

3 .  In terconnect ing  ducts  will be s e l f   s u f f i c i e n t   f o r   l a u n c h  and 
l i f t - o f f  loads,  i.e. The pipes and poss ib ly   va lves must  not  be 
supported from the  f langes. 

4 .  F l e x i b i l i t y   i n   t h e   f o r m   o f   e x p a n s i o n   j o i n t s   o r   p i p e   e x p a n s i o n  
loops must be p rov ided   i n   t he   i n te rconnec t ing   duc ts   t o   con t ro l  
f lange  loads  induced  by  thermal  expansion. 

5 .  The a l lowable  loads  determined  here  are  l imi ta t ions  that   the 
recuperator  can  withstand. I f  these  loads  are  ref lected  back 
i n t o   t h e  system, they may exceed t h e   c a p a b i l i t y   o f   o t h e r  system 
component s . 

Duct  and  Support  Locations 

An isometr ic   drawing  o f   the  recuperator   is  shown on  F igure E-8. 
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I .03 

SUPPORTING  PLATE  FABRICATED FROM INCONEL 718 
B O L T S   A R E   5 / 8 - I N .   D I A M E T E R  

Figure E-7. Mounting Bracket S l o t  Sizes 

344 IN. 

197 



DUCT D - H I G H  PRESSURE OUTLET  (COLD) 

k2L374 -A 

Figure  E-8. Duct and Support  Locations on Recuperator 
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Duct  and  support  co-ordinate  locations  are  tabulated  below. 

Support   Co-ordinate  Locat ions  Relat ive  to  Point  0 

Duct X I  X2 x3 
o r  

SI -7.2 -23.2 0 

52 7.2 -23.2 0 

s3  -7.2 23.2 

s4 7.2 23.2 

H.P. I n l e t   ( C o l d )  A 7.3 -25.0 

L.P. I n l e t   ( H o t )  B 3.8 -25.0 

0 

0 

8. I 

- 10.0 

L.P. Out le t   (Hot)  C -5.0 0 20.9 

H.P. Out le t   (Co ld)  D - 13.8 0 - 14.5 
Al lowable  Stresses 

L i m i t   s t r e s s   t o  17,000/2 = 8500 p s i   f o r  No. 347 s ta in less   s tee l  10,000 
h r   r u p t u r e   s t r e n g t h   w i t h  a sa fe ty   f ac to r  2 a t  12OO0F. 

Assume simultaneous  bending  and  torsion.  Let  this  be  equally  shared 
and assume maximum shear  theory, 

EQ. = (OB 
U + 4 t q 2  

u = 2t 
B 

u ALL = 8500fi = 6000 p s i  B 

t~~~ 
= 3000 ps i  

Forces  and Moments a t  Ducts A, 8 ,  C, D 

I .  Duct A 

a = nr2 = ( 3 ) 2  = 28.3 in . *  

Q = pall2 = ( I 3  x 28.3) n2 = 368 l b  n2 

199 



Sectional modulus f o r  bending, Zb =(n x 3 * ) ( 0 . 0 3 )  = 0.85 

Sectional modulus for   torsion,   zt  = mr2t I 
'b, 

zt = m ( 3 ' ) ( 0 . 0 3 )  = 1.70 i n . 3  

Allowable moments; Mb = 
Mt 

Mb = ( 6 0 0 0 ) ( 0 . 8 5 )  = 5100 i n .   l b  

Mt = (3000) (  1.70) = 5100 i n .   l b  

M+, = +5100 11 k5100 2 2  

2.  Duct B - 
t = 0.03  in .  

a = ( 2  x 6 . 7 5 ) ( 2  x 4 )  = 108 i n . '  

nr2 = 108 
eq * 

r = 5.85  in. 
eq 

h = ( I 3 ) (  1 0 8 ) ~ ~  = 1400 l b  2 2  

zb = nr2t = ( ~ ) ( 5 . 8 5 ) ~  (0.03) = 3.24  in.3 

Z = 2zb = 6.48 i n . 3  t 

Mb = Mt = ( 3 . 2 4 ) ( 6 0 0 0 )  = 19450 in.  I b  

M+ = 219450 21 f 19450 12 

3. Duct C - 
t = 0.03 in.  

r = 4 i n .  

a = nr2 = 50.3  in.2 
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F = -( l3)(50.3) 1 3  = -653 I b  1 3  
-C 

Zb I I zt = nr2t  = (TI)( 16)(0.03) = 1.51 in .  3 

M~ = Mt = (1.51)(6000) = 9060 in .  I b  

M = +9060 1 2  +9060 1 3  
-c 

4. Duct D 

t = 0.03 in .  

r = 3 in .  1/ 1 1 1  

a = nr2 = 28.3 in .  
F = 13 x 28.3 (cos 45 + s i n  45 r5)  

F = 260 lb " 1  + 260 lb 1 3  
-D 

-D 

1 
Zb = 7 Zt = nr2t = (~r)(3)~(0.03) = 0.85 i n . '  

Mb = Mt = (6000)(0.85) = 5100 in .  lb 

*tlD = k5100 " 2  k5100 ( s i n  45' i3 + cos 45' 11) 

= 23800 lI k 5 100 n2 k 3600 l3 

5. Equivalent  Force System a t  0 

F = F + F  + F  + F  -A % -C "D 

= 368 112 + 1400 1 2  653 113 + 2600 11, + 260 E3 

3 

i = I  
= 260 11 + 1768 1 2  - 393 1 3  = C Filli 

F I  = 260 lb 

Fp = 1768 lb 

F 3  = -393 lb 

- T = i + c  
- M = t lA  +A, +II, + M D  

- G = -A r ~ ~ ~ + r + x ~ + ~ ~ x I , + q , x & ,  
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-c r =  I 3  

q) - I 4  
- 

3 
r = C r. .  n -i J =I I J  -i 

3 

j-1 
F = C FiJ -1 

i t i o n  vectors of A, B, C, D. Respective 

7.3  -25.0 

3.8  -25.0 

-5.0 0.0 
h i j 1  = 

- 13.8 0.0 

't 
F = F  -1 

F + = F  -4 

I = 1 ,  2, 3, 4 

8. I 

- 10.0 

20.9 

- 14.5 

0.0 368.0 0.0 

0.0 1400.0 0.0 

0.0 0.0 -653 

260.0 0.0 260.0 

CFijl = 
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( r 3 3 F 3 1  - r 3 l F 3 3 )   ( r 4 3 F 4  I ' r 4 1 F 4 3 )  

= - ( - 5 ) ( - 6 5 3 )  + ( - 1 4 . 5 ) ( 2 6 0 )  - ( - 1 3 . 8 ) ( 2 6 0 )  

= -3320 in .  l b  

Since  equals  the  vector sum o f  i and G, we have 

3 

i =I  
- T = ! + G  = C Til l i  

Choose the  s ign o f  Mi ( i  = I ,  . . , 4 ,  j = I ,  2, 3 )  such that   the  

magnitude of T .  (j = I ,  2, 3 )  w ' i 1 1  be maximum. Therefore, we se lec t  
J 
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As the  set  to be combined with 5 then. 

T I  = M I I  + M Z I  + M 3 1  + H41 + G I  . 

= 5100 + .  19450 + 3600 + 11020 

= 39170 i n .   I b  

Tz = M 1 2  + M 2 2  + M 3 2  + M 4 2  + 6 2  

= -(SI00 + 19450 + 9060 + 5100 + 3320) 

= -42030 i n .   l b  

T3 = M 3 3  + M 4 3  + G 3  

= 9060 + 3600 + 8010 

= 20670 i n .   l b  

6 .  React  ion  Forces  at S I ,  S2, SS, S L  

a. Due t o  5 

b .  Due t o  I 

Use Equations ( 2 9 )  - ( 3 2 )  and note  that  

C I  = 0.61 x IO" i n . - '  

C 2  = 1.08 x in." 

c 3  = 3.47 x i n . - '  

C4 = 1.96 x I O m 2  i n . - '  
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(20670)  = 126.2 Ib 

10'2)(39170)  - ( 3 . 4 7 . ~  10")(-42030 

P 2 1 *  = C 4 T 3  = ( - 1 . 9 6  X 10 '2) (20670)  

= 405 I b  

P 2 2 "  = - P 1 2 "  = -126.2 Ib 

P23"  = C 2 T t  + C 3 T 2  = 423 - 1460 = -1037 Ib 

P33"  = 'P23" = 1037 l b  

P 4  1" = -P2  I* = -405 Ib 

P43"  = - P 1 3 *  = -1883 Ib 

c. Re-act ion  Forces  under  operation  conditions 

From Equation ( 3 3 ) ,  we have  the fol lowing: 

A t  S t ;  

4 1 2  = P i 2  + P t 2 *  = 884 + 126.2 = -757.8 l b  

4 1 3  = PB + P 1 3 *  = 98 + 1883 = 1981 l b  

A t  S p ;  

42 I = P2 I + P2 I *  = -130 + 405 = 275 Ib 

Q 2 2  = P7.2 + P 2 2  = -884 - 126.2 = -1010.2 Ib 

4 2 3  = P 2 3  + P p 3 *  = 98 - 1037 = -939 I b  

A t  S 3 ;  

4 3 3  = P 3 3  + P 3 3 *  = 98 + 1037 = 1135 l b  

A t  Sq; 

44 I = P4 I + P4 I *  = -130 - 405 = -535 I b  

4 4 3  - - P 4 3  + P 4 3 "  = 98 - 1883 = -1785 l b  
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The loading we used t o  design  the  bracketry  is 

hE = 9070 l b  9 2  + 5710 l b  1 3  

comparing t h i s   w i t h   t h e  magnitudes of   the  react ion  forces under operational 
condition, it: i s  obvious  that  the  bracketry  designed  from  the l i f t - o f f  
c o n d i t i o n   i s   s u f f i c i e n t   t o  guarantea a sa fe   s t ruc tu ra l   i n teg r i t y  under  the 
most adverse operating  condit ion. 
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Manufacturing Company, Los Angeies, Cal i f o rn ia ) .  

Beams on E l a s t i c  Foundation, M. Hetenyi, The University  of  Michigan 
Press. 

Theory o f   P la tes  and Shells, Timoshenko and Woinowsky-Krieger, 
McGraw-Hill, 1959, P 210. 
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PROGRAM 
- 

PARAMETRIC  STUDY 
( k c t i o n .  2 md 3, ?pyrrdic*s A, )and C) 

PROBLW  STATEMENT 
COLD INLET HOT INLET 

Tmperature, O R  801 i 560 

Argon F l a ,  Rate, i b  per min  36.69 
13.8 

36.69 
6.73 pressure, p5ia 

RANGE S l l J O I E D  

Temperature EffcctivencS5 0.75 t o  0.95  percent 
Overall P r c s ~ u r e  Loss (AP/P) 0 . 5  t o  8.0 percent 

SELECTED  CONOITlON 

Temperature Effectiveness i 0.9 Overal l  AP/P E- - 
HEAT  EXCHANGER  TYPES EWIHEO 

COLD (" .P. )  

1 "ElCHI 

PLATE-FIN CROSS COUNTERFLOW PLATE FIN PURE  COUNTERFLOW 

TUBULAR CROSS COUHTERFLOW 

SPECIFIC STUDIES 
TUBULA&PURE  COUNTERFLOW 

Axial  Conduction  Effect a IM themt iCd l  a n a l y s i s  
~ a r i c  Data f#r h i a l  FI&  Outside Tuber .~~ 
Counter f la   Tubu lar  Heat Exchangers, a design  canputer program 

SELECTEO  HEAT  EXCHAHGER 

PURE COUNTERFLOW PLATE-FIN WITH TRIAJIGULAR END SECTIONS 

DEVELOPMENT  PROGRAM 

m A N G U L A R  Em SECTION  DESIGN (Sect lon 4 and Appendix 0) 

Triangular Ends - minimm  weight and minimn  pressure loss 
Uniform F i a  - requlres  non-5ymnctrlcal ends, therefore, bP/P 

End conf lgura t ion   se lec ted  for heat  exchanger core w i t h  face 
increaser t o  achieve  heat  transfer 

aspec t   ra t i o  - I .o 

- 
AXIAL CONDUCTION  TESTING (Sect ion 5 )  

A x i a l  conduction reduces performance of high  ef fect iveness 

Requires  accurate  hnaledge of m t a l  cross-sect ionai  area to 

T e r t r  determined e f f e c t i v e   m t a l  cr01s LeCtion o f  O f f s e t   f i n  

heat  exchangers. 

determine  e f fect .  

m r r i x .  

Rew i t :   S ta ln ie rs   S tee l  f i n 5  instead of n icke l  (axla1 con- 
duct ion  ef fect   greater  than  f in  ef fect iveness, l a c r  
conduct iv i t y   p re fe r red)  

FLOW DlSTRIBLlTION ( S e c t l a  6) 

Determination of non-uniform f i a  very s m l c x ;  t es t i ng  re- 
qui red. 

&anifold F l a  O is t r lbu t ion   Tes t3  

Design Goal: Maximum v a r i a t i o n  In f l a  2  percent 
F r a  tests,   the  conf igurat ion  to  achieve  th is 

neat Exchanqer F l a   O i s t r i b u t i m  

A heat  exchanger wi th   the  conf igurat ion  o f   the end sect ion 
design and a 2-1". stack  height u s  tested. 

m: Effect iveness = 0.9  achieved 
AP/P OvcraII Increased frm 2.591 t o  2.895  Dcrcent 
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SUMMARY 
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FUUL DESIGN RECUPERATOR An0 P E R F O M N C E  TEST (Sect lons 8 a n d  9 )  

NASA-Langley, 1968 - 3 

66-0207 
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D. C. 20546 

OFFICIAL BUSINESS FIRST CLASS MAIL 

NATIONAL AERONAUTICS AND 
POSTAGE A N D  FEES PAID 

SPACE ADMINISTRATION 

POSTMASTER: If Undeliverable (Section 158  
Postal Manual) Do Not Return 

" " ._______ - . " . . . . - .. "" .~ - ~ 

"The aeronautical m d  space activities of the United Stcltes shall be 
condzbcted so as t o  contribzlte , . . t o  the  expamion of hzman knowl- 
edge of phenomena in the  atmosphere and space. The Adnzinistration 
shall provide for the  widest practicable and appropriate  dissemination 
of information  concerning its activities and the reszrlts thereof:" 

-NATIONAL AERONAUTICS AND SPACE  ACT OF 1958 

NASA SCIENTIFIC AND TECHNICAL  PUBLICATIONS 

TECHNICAL  REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting  contribution to existing 
knowledge. 

TECHNICAL  NOTES:  Information less broad 
in scope but nkverthelefs of importance as a 
contribution to existing knowledge. 

TECHNICAL  MEMORANDUMS: 
Information  receiving  limited distribution 
because of preliminary  data, security classifica- 
tion, or other reasons. 

CONTRACTOR  REPORTS: Scientific and 
technical information  generated  under  a NASA 
contract or grant and considered an  important 
contribution  to existing  knowledge. 

TECHNICAL  TRANSLATIONS:  Information 
published in a foreign language considered 
to merit  NASA  distribution  in English, 

SPECIAL PUBLICATIONS:  Information 
derived from or of value to  NASA activities. 
Publications  include confer6nce proceedings, 
monographs,  data  compilations, handbooks, 
sourcebooks, and special bibliographies. 

TECHNOLOGY  UTILIZATION 
PUBLICATIONS:  Information  on technology 
used by NASA  that may be of particular 
interest  in  commercial and  other non-aerospace 
applications.  Publications  include Tech Briefs, 
Technology Utilization Reports  and  Notes, 
and Technology Surveys. 

Details  on  the  availability of these  publications may be  obtained  from: 

SCIENTIFIC AND  TECHNICAL  INFORMATION  DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Washington, D.C. 110546 


